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ABSTRACT 


This investigation is the third in a continuing program to 
study the behaviour of and to develop design procedure for pre- 
stressed concrete T-beams containing large web openings. The testing 
was carried out in the I.F. Morrison Structural Engineering Laboratory 


x 
of the University of Alberta under the supervision of Dr. J. Warwaruk. 


In this test series, thirty prestressed concrete T-beams 
were tested, all of which contained large web openings. The beams all 
had a height of 20 inches, a flange width of 20 inches, and a simply 


supported span of 16 or 20 feet. 


The prime variable in the test program was the reinforcing 
requirements in the region around large web openings. Other parameters 
such as geometry, loading conditions, and flexural capacity were varied 
to place different demands on the reinforcement. The reinforcement in 
the region of an opening was grouped into four types: post reinforce- 
ment, solid shear span shear reinforcement, strut shear reinforcement, 


and strut flexural reinforcement. 


The results of the tests are presented in the form of graphs, 


tables and photographs. 


A design procedure is outlined, however, further investigation 


is recommended. 


* Dr. J. Warwaruk, Professor of Civil Engineering, The University of 
Alberta, Edmonton, Alberta, Canada, T6G 2G/7. 
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CHAPTER 1 


INTRODUCTION 


1.1 General Remarks 


In the construction of a building a reduction in storey height 
will result in a reduction in overall construction costs. The storey 
height can be reduced by passing the mechanical ducts transversely 
through the webs of supporting members rather than hanging them below. 
This is a relatively simple operation when the supporting members are 
open web steel joists but for steel and concrete beams extra considera- 
tions are required. Much research has been conducted into the 
design and analysis of steel beams with web holes but at this time 
only limited research has been carried out on prestressed and rein- 
forced concrete beams with web openings. This research does not 
indicate a general design procedure for prestressed and reinforced 
concrete beams; it does, however, indicate that the design and con- 


struction of such members is possible, practical and economical. 


In a beam with multiple holes in the web, the elements above 
and below a hole are called struts and the elements between the holes 
are called posts as shown in Figure 1.1. If the beam is simply sup- 
ported, the top struts are in compression and the bottom struts are in 
tension. The forces acting on the struts to either side of the posts 


are shown in Figure 1.2(a). It can be seen that the hole does not 
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FIGURE 1.1. Holes in Beams 


¢ Hole 1 ¢ Hole 2 
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(b) Forces Acting on Posts 


FIGURE 1.2. Forces Acting on Struts and Posts 


drastically affect the tension and compressive forces. However, the 
holes reduce the section resisting the applied shear. This strut shear 
produces secondary moments in the struts. The forces acting on a post 
between two large web openings are clearly seen in the freebody in 
Figure 1.2(b). The principal force acting on the post is a horizontal 
shear, V, , which is equal to the horizontal resultant of the tension 


H 


or compression forces acting on the struts to either side of the post. 


AZ Scope and Objectives 


Some research has been carried out in various countries on 
the design of prestressed and reinforced concrete beams with large web 
openings but still much research is required to completely understand 
and predict the behaviour of such beams. The results of the tests of 
J. Sauve (12): and E. LeBlanc (6) on prestressed concrete T-beams con- 
taining large, multiple, rectangular and parallelogram shaped openings 
at the University of Alberta, together with the results of tests by 
other researchers on tests of similar beams formed the basis for this 


present series. 


This test series continues the work of Sauve and LeBlanc to 
investigate the behaviour of and to develop design procedures for pre- 
stressed concrete T-beams containing large web openings. The main 
concern of this series was the reinforcing requirements in the region 
of a large web opening. This reinforcement can be grouped into four 
types: (i) solid shear span reinforcement, (ii) strut shear reinforce- 


ment, (iii) strut flexural reinforcement, and (iv) post reinforcement. 


* Number in brackets refers to entries in the reference list. 
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For each type several arrangements were examined. Other variables were 
the type of loading, flexural capacity, shape of the holes, the hori- 


zontal dimension of the post and holes, and span length. 


Thirty simply supported prestressed concrete T-beams with 
large web openings and symmetrical loadings were tested. The behaviour 
of each beam was recorded in the form of Demec strain gage readings 
over the depth of the section, deflection at the beam centerline and 
below the load points, and strain readings from electrical resistance 
strain gages mounted on the prestressing strand and on the mild steel 


reinforcement. Photographs of the beams were also taken. 


The main objectives were to study the reinforcing requirement 
in the region of an opening, to study the effects of various reinforc- 
ing arrangements on the behaviour, and to develop a design procedure for 


prestressed concrete T=beams with large web openings. 
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CHAPTER 2 


REVIEW OF PREVIOUS STUDIES 


2.1 Introduction 


The American Concrete Institute Standard 381-71 Building 
Code Requirements for Reinforced Concrete (1) makes no specific recom- 
mendations for the analysis and design of beams with large web openings. 
Some guidance is found in the literature which suggests that the 
design of reinforced concrete beams with large web openings is possible, 
practical, and economical. A review of some of these papers is pre- 


sented here in chronological order. 


2.2 Reinforced Concrete T-Beams with a Web Openings 


Lorentsen (7) of the Royal Institute of Technology, Stockholm, 
conducted and published the results of an analytical and experimental 
study of reinforced concrete T-beams with a single large web opening 
in 1962. Four beams were tested which correlated well with his analysis. 
The holes in his test beams were very large, having a depth of 0.53 of 
the beam height, and a length of 3.0 times the beam height or 0.29 of 
the clear span. He recommended a design procedure which treats the 
bottom strut as a tension link and the top strut as the top chord of a 
Vierendeel truss, although he does not call it that. The total shear 
was assumed to be carried by the top strut. The solid portion was 
designed to resist normal beam forces with extra stirrups placed near 


the hole. 
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He pointed out that holes in simply supported beams should 
be placed near the mid span where the normal forces in the struts are 
large and the shear forces are small, resulting in a minimum principal 
tensile stress in the concrete. Lorensten also noted the high shear 
strength of the concrete in the top strut where the axial load is high. 
He concluded his procedure could be used for beams with multiple 


openings. 
2.3 Prestressed Concrete T-Beams with Large Web Openings 


Ragan and Warwaruk (9) in 1967 published the results of 
tests on prestressed concrete T-beams with large web openings. Their 
research ner penne out at the University of Alberta on four model 
beams and two full size beams. Three of the model beams and one of 
the full size beams had large web openings. The design of the full 
size beam with openings was based on the results of the model tests. 


Some of their observations and conclusions were: 


1. Cracking extended vertically downward from approximately the center 
of the bottom struts. Therefore the strands in the full size 
beam with openings were distributed almost evenly across the 


vertical dimension of the bottom strut. 


2. Severe cracking at the connection of the post and the flange led 
to the provision of reinforcement in the posts with an area 1.3 


percent of the horizontal post area. 


3. All of the failures were due to inclined cracking in the lower 


struts, therefore the full size beam had the lower strut reinforced 
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with U-stirrups spaced at 6 to 12 inches. 


4, The mode of failure of two of the model beams was by the formation 


of a mechanism over two openings. The other beam failed by the 


formation of a mechanism over one opening. 


5. None of the beams with openings failed in a flexural manner; the 


full size beam failed by shear compression of the top strut. 


2.4 Rectangular Concrete Beams with Large Web Openings 


In 1967, Nasser, Acavalos and Daniel (8) of the University 
of Saskatchewan published a report on 10 beams, 9 of which had large 
rectangular web openings. A simple design procedure was developed, 
based on four assumptions which were proven adequate for their tests. 


Their assumptions were: 


1. The top and bottom struts behave similar to the chords of a 


Vierendeel panel. 


2. The struts, when they are not subjected to applied loads have 


contraflexure points at their mid span. 


3. The struts, when adequate stirrups are provided, carry shear in 


proportion to their cross-sectional areas. 


4, There is a diagonal force concentration at the corners of the 


openings equal to twice the simple shear force. 


The first assumption was substantiated by the general be- 
haviour of the struts. The second was confirmed by strut deflection 


measurements and concrete strain measurements at the strut quarter 
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points. The third was substantiated by concrete strain measurements at 
the mid height of the struts by electrical resistance strain measuring 
rosettes. The last assumption was substantiated by plotting the strain 
in the corner reinforcement versus shear on the section. The strains 
were normalized to a constant area of reinforcement which was not 
published. This, together with the fact that the calculations pub- 
lished in the design example, the diagonal force is taken as 2(v2 x Noe 
makes it uncertain as to whether the stress concentration in the 


special corner reinforcement is 2 or 2/2 times the applied shear force. 
2.5 Prestressed Concrete T-Beams with Large Web Openings 


J. Sauve (12) in 1970 conducted tests on 9 prestressed con- 
crete T-beams with rectangular openings in the Structural Engineering 
Laboratory of the University of Alberta. The major variables of his 
program were: spacing of two point loads, vertical shear reinforcement, 
longitudinal reinforcement and supplementary lower strut shear rein- 


forcement. Some observations and conclusions from his program were: 


1. Concentration of the shear reinforcement, required by the ACI 
(318-71) (1) in a beam without web openings, into the posts of a 
beam with web openings does not give the beam enough shear capacity 


to fail in flexure. 


~2. Any additional shear reinforcement provided in the posts served to 
increase the load carrying capacity of beams with large openings 


Dy to to. 22) percent. 


3. Additional post reinforcement also confined the failure to the struts. 
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4. A minimum amount of inclined shear reinforcement placed in the 


lower strut caused the failure to be localized in the posts. 


5. The addition of both post and strut shear reinforcement resulted 


in a redistribution of the stresses in the shear span so that 


all sections were more equally stressed in diagonal tension. 


6. A considerable increase in the supplementary longitudinal rein- 
forcement in the struts did not significantly increase the shear 


capacity of the beams. 


7. A decrease in the number of openings in the shear span increased 


the shear capacity of the beams. 


2.6 Prestressed Concrete T-Beams with Large Web Openings 


E. LeBlanc (6) in 1971 conducted tests on ten prestressed 
concrete T-beams, nine of which contained multiple rectangular or 
parallelogram shaped openings, in the Structural Engineering Labora- 
tory of the University of Alberta. The main parameters studied in 
these tests were: the shape of the openings (rectangular and paral- 
lelogram), loading conditions (various two point loads and seven 
point loading), prestress force and shear reinforcement in the posts 
and lower struts. Five of the beams tested failed in a flexural 
Manner, the remaining five beams failed in shear. Some observations 


and conclusions from this study were: 


1. In prestressed concrete T-beams containing web openings, paral- 
lelogram shaped openings accompanied by inclined shear stirrups 


produced a beam with a higher ultimate shear capacity, relative 
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10. 


to rectangular shaped openings with vertical shear stirrups. 


The shear design requirements for a two point loading system are 


more severe than those for a seven point loading system. 


An increase in the prestress force must be accompanied by an in- 
crease in shear reinforcement in order to attain the flexural 


capacity of a beam without first failing in shear. 


Since shear failures occur through the struts, shear reinforcement 


in the posts is not sufficient in itself to prevent shear failure. 


The possibility of a beam withstanding more severe shear stresses 
and ultimately failing in flexure is increased by reinforcement in 
the lower struts below the web openings in the shear span. This 
reinforcement also produces a more ductile failure in the beam 


should it fail in shear. 


Upper web and flange shear reinforcement above the openings in 
the shear spans would probably increase the possibility of a 
flexural failure. This is because shear failures tend to initiate 


in the flange and upper web in this high shear region. 


The ultimate load and moment calculated using the approximate 
ACI (1) equation (Equation 18-3) and the manufacturer's guaranteed 
minimum ultimate strength for the strand is very conservative 
relative to the actual ultimate load and moment obtained from the 


tests. 


The ultimate deflection of beams with openings, failing in flexure, 
is higher than the same beam with no openings due to the decreased 


stiffness of a beam with web openings. 
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In conclusion No. 7 above, it should be noted that in the 
calculation for strength made by Le Blanc the contribution of the sup- 


plementary non-prestressed reinforcement was omitted. 


2./ Square Openings in Webs of Continuous Joists 


J.M. Hansen (5) published a report in 1969 which discussed 
the results of twenty-three tests on full scale one-way joists in 
negative bending. The principal variables were size location and 
reinforcement of the openings. Tentative design procedures were dis- 


cussed. Some of his observations and conclusions were: 


1. The minimum web width should be used to calculate the shear 


capacity of a tapered web subjected to negative bending. 


2. Large square openings reduced the strength of the test specimen. 
An opening of 3/4 of the web depth reduced the strength of the 


test specimen by two thirds. 


3. Moving a square opening in an unreinforced web closer to the sup- 


port increased the strength of the test specimen. 


4. Moving a square opening in an unreinforced web from mid-depth 
towards the tension fiber did not affect the strength but decreased 


the cracking load. 


5. A two-legged No. 3 stirrup placed vertically at each side of an 


opening increased the capacity of the test specimen. 


6. The compression force in the compression strut at the centerline 


of the opening was located at the centroid of the strut. 
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7. Until cracking the distribution of the shear between the struts 
above and below the opening was in proportion to the cross-sectional 


area of the struts. 


8. After cracking, the compressive strut tended to carry all additional 


shear. 


9. A conservative prediction of the strength of a specimen with 
unreinforced holes was obtained by calculating the load causing a 


tensile crack at an opening. 


10. A good prediction of the strength of the specimens with reinforced 
openings was obtained by calculating the load causing either 
eccentric shear compression or diagonal tension failure, using the 


ultimate strength provisions of the 1963 ACI Building Code. 


2.8 Reinforcing Requirements for Concrete Beams 
With Large Web Openings 


M. Ramey and D. Tattershall (10) conducted and published in 
1973 a theoretical and experimental program from which they developed 
a working stress design procedure. The theoretical analysis of sixty 
simply supported beams and thirty-five bent caps was carried out using 
E.L. Wilson's finite element program. The experimental program con- 
sisted of tests on twelve simply supported beams. From their results 


they concluded: 
1. The solid section can be designed in the usual manner. 


2. The design of the struts assuming Vierendeel behaviour is adequate. 
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3. Beams containing multiple openings can be designed as single open- 
ings if the posts have a horizontal dimension of at least half the 


height of the beam. 


4. There is a diagonal stress concentration at the corners of the 
openings. The value of this stress is obtained from curves deve- 
loped from the finite element analysis and is always less than the 


total shear on the section for moment-shear ratios of less than 4. 


J.M. Hanson presented a discussion of the paper which 
questioned the validity of the elastic analysis used and pointed out 


the restrictions of the rectangular section tested. 


2.9 Circular Openings in Webs of Continuous Beams 


Somes and Corley (13) published a report in 1974 on tests of 
19 full scale joists in negative bending. The tests were conducted at 
the Portland Cement Association Structural Development Laboratory. 
Twelve of the joists had singular openings, three had multiple openings, 
and four had no openings. Based on their observations, they presented 
design recommendations for continuous one-way joists with circular 
openings in the negative moment region. The highlights of their design 


recommendations are: 


1. The minimum web width should be used to calculate the shear capacity 


in the negative moment region. 


2. Small openings (openings less than 0.25 the web depth in diameter) 


require no reinforcement and can be placed anywhere in the web, 
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provided they are no closer to the extreme compression fiber than 


the depth of the equivalent compression block. 


No opening should be placed so that it encroaches on the equivalent 


rectangular stress block. 


Large openings (openings greater than 0.25 of the web depth in 
diameter) should be reinforced with vertical stirrups on each side 
of the opening. The area of the stirrups required on each side of 
an opening is calculated by dividing the shear capacity of the 


section by the yield strength of the stirrups. 


The minimum post width is 0.25 of the web depth or 4 inches, which- 


ever is the greater. 


Large web openings, particularly multiple openings, reduce the 


stiffness of a floor joist. 
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CHAPTER 3 


EXPERIMENTAL PROGRAM 


3.1) Introduction 


This test series is one in a continuing program at the Univer- 
sity of Alberta to investigate the behaviour and develop design pro- 
cedures for prestressed concrete T-beams with large web openings. The 
prime concern is the study of the overall behaviour of such members and 
particularly the effect of reinforcement in the region around the web 
openings. A general discussion of the experimental program is presented 
in the following sections. A complete description is found in the 


Appendix. 


3.2 Beam Geometry 


In this series, 30 prestressed concrete T-beams were tested; 
27 of these had rectangular openings and 3 had parallelogram shaped 
openings. The simply supported span length was either 16 or 20 ft., 
but the different span length is not considered as a prime variable 
as it was changed to facilitate casting. The overall cross-section of 
the beams was constant for all beams tested. The flange was 20 inches 
wide and 2 inches thick. The stem of the "T" was 4 inches wide and the 
overall height was 20 inches. The web openings were all 8 inches high 
with their mid-height located 1.17 in. below the neutral axis of the 
gross concrete cross section. Figure 3.1 shows the concrete cross- 


section and the vertical location of the holes. The rectangular open- 


. Wee 
| 


“tevin oft Js m&TZ079 gatuatinos 8 oi sno’ el eertae satel eke? 7 
org agiseb qofeveb bas totvatied od daughssavat oa saxedlA to vite ie h 
-2egaiasgo dow sgiai s3iw enesd—t edetoau boreet2891q x02 eosubao ~ aa 
votveread Listavo ef3 40 eiods oft at aresitos aaizq 


siT 


bas e1sdmom dove to 1 
daw oft bayors notge7 srl3 ai Shemssx01giss to 1983is. ois qitedlootdiag a 


hostneesiq ai metgo1g Isgmomix9qxs afi lo moieewoaib ee A vagoknego 


sit nt bavot ef noliqhisesb. stelqmo2 ‘A .enokjase epee 


-heteo2 siow emsod-L s3979n03 baeoeasne79 oe pee aida nt 
boqsde mezgolsiisisq bel € sal saninsgo xs lognn3997 bsd sent to ts 
_.t% OS to OL tediis esw nr nsqe besxoqqua. yLqaike edt a 
sidaiusvy omixq & @5 baxobkanos tom si digasl age inoxstitb 6 : 
Yo nokjoee-ee019 Ilsrsvo eAT .gmtzeso agethitoet ot Sat 2 
_ apdont OS esw sgasf? odT .b99293, emasd fle to? ant’ 


: : 


i 7 i 
$03 bas obiw esdont A esw eh ada 40 aste eer wdobis 2 ; 


fg hi asiiont & iis St9Ww al 


ona 20 elus heen. ‘oe ad retnc0L 
| ns): 


i$ 


- 
% 


eutral Axis 
of Solid Section 


ye 


ings had lengths from 12 inches to 26 inches separated by posts with 

a horizontal dimension of 8 inches to 12 inches. The transverse area 
between the post centerlines was reduced 20 to 29 percent. The paral- 
lelogram shaped openings were 16 inches long and separated by posts 
with a horizontal dimension of 8 inches. The transverse area between 


the posts centerlines was reduced 25 percent. 


3.3 Reinforcement 


The reinforcement was varied in five main areas: 


1. The pure moment region. 
2. The solid shear spans. 
Orne Lhemtopmstrutse, 

4, The bottom struts. 


Je) Lhe posts. 


The principal tension reinforcement in the pure moment region was 4 or 

5 3/8 inches seven-wire prestressing strands which were continuous 
throughout the beam. The solid shear spans were reinforced for shear 
with double legged stirrups of No. 2 or No. 3 bars with various spacings 
set either vertically or inclined at 45°. The top struts were rein- 
forced to resist strut moments and shear due to Vierendeel behaviour. 
The top longitudinal reinforcement consisted of four No. 3 bars in all 
but two beams where four No. 2 bars were used. The bottom longitudinal 
reinforcement was provided by two No. 2, 3, 4 or 5 bars with 22 beams 
having No. 3 bars. The top struts in the shear spans of 28 of the 


beams of this series also had shear reinforcement consisting of closed 
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No. 2 stirrups set vertically or inclined at 45° with spacings from 

Lee det On 4. UO In. The bottom struts had supplementary longitudinal 
reinforcement in the shear spans only. Fourteen beams had two No. 3 
bars in the bottom only, fourteen beams had two No. 2, 3, 4, or 5 bars 
in the top and bottom, and two beams were cast without supplementary 
longitudinal reinforcement in the bottom struts. These two beams also 
had the shear capacity of the bottom strut reduced by casting into the 
struts four oiled vertical metal plates and eliminating the bond on the 
prestressing strands by wrapping them with polyethylene throughout the 
strut length. This was done to evaluate the proportion of the total 
shear over the cross-section carried by the top and bottom struts. The 
posts were reinforced with vertical or inclined double legged stirrups 
with the same shape as those used in the solid shear spans. In the shear 
Spans multiple stirrups were used and in the pure moment region the 
posts had one stirrup. In five beams, supplementary post reinforcement 
was added to the main vertical stirrups of post 1. The supplementary 
reinforcement in four beams consisted of closed horizontal stirrups, 
and in one beam, two inclined No. 5 bars. These reinforcement details 


are shown in Table 3.1 and Figures 3.2, 3.3 and 3.4. 


3.4 Construction 


The fabrication of the test specimens was carried out in the 
I.F. Morrison Structural Engineering Laboratory of the University of 
Alberta. First, the reinforcement cages were tack welded and set in 
place on the prestressing bed. Next the prestressing strands were 


threaded through the cages and prestressed. The two halves of the forms 
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FIGURE 3.3. Stirrup Details 
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were then bolted together with styrofoam blocks forming the voids. The 
concreting was completed using high-early strength concrete mixed in 
the laboratory batch plant. The prestressing strands were cut after 
six days of moist curing. Six by twelve cylinders were cast from each 
batch of concrete to determine the compressive strength and the tensile 
splitting strength. A more complete description of the construction 


details and the materials used is presented in Appendix A. 


3.5 Instrumentation 
All beams were instrumented in the same manner, using: 


1. Electrical resistance strain gages mounted on the mild steel shear 


and flexural reinforcement and prestressing strands. 
2. Demec strain gages fixed to the concrete at the beam centerline. 
3. Deflection gages at the beam centerline and below the load points. 


The strain gages were mounted and waterproofed on the mild 
steel reinforcement before the cages were assembled. On prestressing 
strands, however, the gages were mounted and waterproofed after the 
initial prestressing was completed. The gages on the prestressing strands 
were mounted on one of the six curved wires of the seven-wire strand 
and oriented along the axis of that wire, approximately 8°30' from 
the longitudinal axis of the strand. The Demec gages at the beam 
centerline were used to make measurements of deformation which facili- 
tated the calculation of prestressing losses and the centerline strain 


distribution as the test proceeded. The deflection gages consisted of 


| m8 | jan M schelienes rae oe panokaos 
sate Se view ain: qgatendiiedta sit sansa ‘dosed coal se | 
asst ih ind sew) axabaitys evisu? vd x%8 ‘paws satan 4 ab tn 7 
sllenst orld bas Aiyaenss ayreesiqmoo it spibaxssb os starsites “Fo acd) 7 
golsourieton edt to solagtsseb etelqmes stom A. dsgmente Baks7 Ege Hite 
A Kibaaqqaé nt meen on et beau ‘pistzepen aut “bas” tinge 1 ae 


mop setggiuateme C/E © 


igotey (xStndm ome oft nt besesmurient stew emesd ILA ? 
snede [eade’ biim of no botavom eogbg misiss 9: ossates: lsokviosif’ ot 
; : f 
,abasyte goiessriastq bas tnsmeqxointex Tespxolt bag : 
7 . 
ae ; { ; 
eaniivesaeo mesd si3 is s3otoao0o ort o3 bexti esgsg misyie oomsd «=|. S 4 


atnioy beol ett woled ore Beka. s aft te asgsg aoljaslied 2 ; | 
. ; : 
biim ofz no betoorgyeiay bos bsdnwom o19w uS8SB, niexe sf i 
aiizestiastg 10 .baldmsaes s1sw 85389 512 sroted” seoaagnotber tend : 
sca yadis Ssioorqieitaw bas bedavom B19 #9958 oid | irevawod waned 
ebtier3e goitassctasygq efi no 29g88 sifT .bstShqumos a 


26%. 


a metal ruler with divisions of 0.01 inches hung from the lower portion 
of the beam. The readings were taken with a precise level located in 
front of the test specimen. All of the gages except the Demec gages 
were zeroed just prior to the start of testing. The loads on the beam 
at this time included the dead weight of the beam and the loading har- 
nesses and the effective prestress force. Typical instrumentation 
details are shown in Figure 3.5, and the instrumentation for each beam 


is given in Appendix B. 


3.6 Test Setup and Procedure 


The first step in the test procedure was to set the beam 
on beam seats which were fabricated for earlier tests (12). These 
beam seats rested on the knife edges of a simple support roller system 
which in turn rested on concrete pedestals. Figure 3.6 shows the beam 


seat details and Figure 3.7 shows the typical test setup. 


Both two point and seven point loadings were applied using 
loading harnesses. The upper part of each harness rested on the beam 
through a 5 inch by 5 1/2 inch by 1 inch bearing plate and the lower 
portion hung below the floor. Hydraulic jacks were placed between the 
lower part of the harness and the floor. Hydraulic pressure to the 
jacks was provided by an Amsler pendulum dynamometer and distributed 
evenly to the jacks through a manifold. In each case the load was 
applied directly above a post on the longitudinal centerline of the 


beam. Figure 3.4 shows the loading positions for each beam. 
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Each beam was loaded using a sufficient number of increments 
to facilitate accurate observation and recording of the behaviour. At 
each load increment readings of the electrical resistance strain gages, 
deflection gages and Demec gages were taken. All visible cracks were 
traced on the beam surface and numbered with the load increment number 
when the crack appeared. To provide a good record of the cracking 


behaviour, photographs were taken before and after failure. 
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CHAPTER 4 


TEST RESULTS 


4.1 Introduction 


The tabulated, graphical and photographic results of all the 
tests are presented in this chapter. They were obtained directly, or 
calculated from the measurements taken during the testing of the thirty 
prestressed concrete T-beams. The measurements taken were those of the 
electrical resistance strain gages, mechanical Demec strain gages and 
deflection gages. The principal test results are summarized in tabular 
manner. The graphical results include: 

1. Moment-deflection relationships. 


2. Moment-strain relationships for the 
prestressing strand. 


3. Load-strain relationships for the 
shear reinforcement. 


4. Load-strain relationships for the 
strut flexural reinforcement. 


5. Moment-strain relationships for the 
concrete at the beam centerline. 


Each plotted curve is the actual recorded behaviour of the gage within 
the limits of the plot. Points off the plot are indicated by an arrow 
beside the last plotted value. A complete record of the gage readings 
is given in Appendix B. The photograph results show the cracking and 


failure patterns of the beams tested. 


4,2 Principal Test Results 


Table 4.1 presents a summary of the principal test results 
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including failure loads and moments, theoretical failure moments, 
failure modes, cracking loads, the splitting and compressive strengths 
of the concrete, the effective prestress force, and the strain in the 


strand at the beginning of the test. 


The failure loads are the maximum loads per jack carried 
by the specimen. The failure moments are the moments at the beam 


centerline calculated from the failure loads and the loading conditions. 


The theoretical failure moments are the flexural capacities 
calculated according to Section 18.7 of ACI 318-71 (1) using Lae 275 
ksi (the actual ultimate tensile stress in the strand at fracture), the 
tensile force developed by two #3 longitudinal bars having a yield 
strength of 50 ksi and an effective depth of 4 inches, the average 
concrete strength and $= 1.0. A sample calculation of flexural capa- 


city is shown in Appendix C. 


The cracking loads listed are the loads at which cracks became 
visible to the unaided eye or began to elongate from cracks due to 


concrete shrinkage and the effective prestress force. 


The effective prestress force and the associated strain in the 
prestressing strand are included to facilitate the calculation of the 


force in the prestressing strand at various load increments. 


The geometry and reinforcement details are not included in 


the table but are given in Chapter 3. 
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4.3 Moment Deflection Relationships 


The moment deflection curves are plotted in Figures 4.1 to 
4.9. The deflections are those read with a survey level from the center- 
line deflection gages. The moments have been calculated at the beam 
centerline from the load indicated by the Amsler loading apparatus and 
include the weight of the loading harnesses but not the weight of the 


beam itself. 


Curves are plotted for all thirty beams tested in this pro- 
gram and for comparison the moment deflection curves for the control 
beams of Jaques Sauve (11) and Eric Le Blanc (6) are included. These 
beams are numbered JS-1l1 and EL-1l respectively and are plotted in the 


first plot of beams with similar loading conditions. 


The figures are grouped according to loading conditions; 
Figure 4.1 beams with 7-point loading including EL-l1, Figure 4.2 and 
Figure 4.3 beams with 4 ft. shear spans, Figure 4.4 beams with 5 ft. 
shear spans, Figure 4.5 to 4.8 beams with 6 ft. shear spans (Figure 
4,5 includes JS-1), Figure 4.9 beams with 7 ft. shear spans. The tabu- 


lated data for these plots is presented in Appendix B. 


4.4 Moment Strain Relationships for the Prestressing Strand 


Figures 4.10 to 4.28 are plots of strain in the prestressing 
strand versus moment at the beam centerline. The strains are those 
read directly from the electrical resistance strain gages mounted on 


the prestressing strand at gage locations 1 to 4 as shown in Figure 3.5. 
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The plotted results are grouped for each gage location and the curves 
are plotted in order of the beam tests. The gage location, loads and 


strain readings are given in Appendix B. 


The total strain in the prestressing strand can be obtained by 
adding the strain due to the effective prestressing force and the 


plotted strain. 


One hundred and one gages were mounted on the prestressing 
strand for all beams; 7% of these were inoperative at the time of 


testing and are not plotted. 


4e>° Load Strain Relationships for the Shear Reinforcement 


Load versus strain in the shear reinforcement is plotted in 

Figures 4.29 to 4.88 for gage locations 5 to 24, 41 and 42. The strains 
are those read directly from the electrical resistance strain gages and 
the loads are the loads per jack read from the scales of the Amsler 
loading apparatus. The plots are grouped in numerical order of the gage 
loactions and the curves are in numerical order of the beams tested. 

The general gage locations are shown in Figure 3.5 and the gage locations 
for each beam are given in Appendix B together with the tabulated data 


for the curves. 


The strain in the full length stirrups in the posts and solid 
shear spans at gage locations 5 to 8 are plotted in Figures 4.29 to 


4.47. The strain in the top strut stirrups at gage locations 9 to 16 
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are plotted in Figures 4.48 to 4.67. The strain in the bottom strut 
stirrups at gage locations 17 to 24 are plotted in Figures 4.68 to 4.87. 
The strain in the supplementary post reinforcement at gage locations 


41 and 42 are plotted in Figure 4.88. 


Two hundred and seventy-one gages were mounted on the shear 
reinforcement for all the beams; 4% were inoperative at the time of 


testing and are not plotted. 


4 Oe Load Strain Relationships for the Strut 


Flexural Reinforcement 


Figures 4.89 to 4.102 are plots of load versus strain in the 
longitudinal strut reinforcement at gage locations 25 to 40. The 
Strains were read directly from the electrical resistance strain gages 
and the loads per jack were read from the scales of the Amsler loading 
apparatus. The plots are arranged in four groups with four gages in 
each group: 

1. Figures 4.89 and 4.90 for gages 25 to 28 in the top strut above 
hole 2. 

2. Figures 4.91 to 4.95 for gages 29 to 32 in the top strut above 
hole 1. 

3. Figures 4.96 and 4.97 for gages 33 to 36 below hole 2. 


4, Figures 4.98 to 4.102 for gages 37 to 40 below hole l. 


Of the one hundred gages placed in all beams on the longitu- 
dinal strut reinforcement, 1% were inoperative at the time of testing 


and are not plotted. 
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4.7 Moment Strain Relationships for the Concrete 


at the Beam Centerline 


The concrete strains over the depth of the beam at mid-span 
are plotted for selected moments in Figures 4.103 to 4.108. The 
plotted strains were those obtained from the mechanical Demec strain 
gages over an 8 inch gage length and the moments were calculated at 
the beam centerline from the applied loads. The plots are in numerical 
order of the beam tests. The zero reading for each beam was taken just 
prior to the release of the prestressing force. The first plot for 
each beam is the strain distribution after transfer of the prestressing 
force to the beam. The second and subsequent plots are for strains 
measured during the test at applied moments 0.0 in-kips to the maximum 
moment for which yeadinge were taken in 500 in-kips increments. The 
maximum moment for which strain data is available is shown in the final 


strain distribution for each beam. 


4,8 Illustrative Cracking and Failure Patterns 


Figures 4.109 to 4.138 include photographic plates of the 
cracking and failure patterns of the thirty beams tested. They contain 
close-up photographs of the beam in the region of the failure and full- 
length photographs of the beam at failure. The cracks were traced on 
the beam surface and numbered with the corresponding load increments. 


The loads and increments are tabulated in Appendix B. 
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FIGURE 4.103. Concrete Strain Distribution at the Beam Centerline 
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FIGURE 4.104. Concrete Strain Distribution at the Beam Centerline 
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FIGURE 4.105. Concrete Strain Distribution at the Beam Centerline 
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FIGURE 4.106. Concrete Strain Distribution at the Beam Centerline 
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FIGURE 4.108. Concrete Strain Distribution at the Beam Centerline 
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GURE 4.109 CRACKING AND FAILURE PATTERN OF BEAM 1-16-6 
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FIGURE 4.110 CRACKING AND FAILURE PATTERN OF BEAM 2-16-4 
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FIGURE 4.112 CRACKING AND FAILURE PATTERN OF BEAM 4-16-6 
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FIGURE 4.113 CRACKING AND FAILURE PATTERN OF BEAM 5-16-4 


FIGURE 4.114 CRACKING AND FAILURE PATTERN OF BEAM 6-16-6 
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FIGURE, 4.115 CRACKING AND FAILURE PATTERN OF BEAM 7-16-6 


FIGURE 4.116 CRACKING AND FAILURE PATTERN OF BEAM 8-16-7L 
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BEAM RL-9 
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FIGURE 4.117 CRACKING AND FAILURE PATTERN OF BEAM 9-16-7L 
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FIGURE 4.118 CRACKING AND FAILURE PATTERN OF BEAM 10-16-6 
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FIGURE 4.119 CRACKING AND FAILURE PATTERN OF BEAM 11-16-4-P 
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FIGURE 4.120 CRACKING AND FAILURE PATTERN OF BEAM 12-16-6-P 
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FIGURE 4.121 CRACKING AND FAILURE PATTERN OF BEAM 13-16-6-P 


FIGURE 4.122 CRACKING AND FAILURE PATTERN OF BEAM 14-12-6 


4 eee 


é 


& QAiTAT GAA SADHORHD .-2Ede GAD TE 


53 


BEAM RL-15 
| {oa 19.0" 


rae oe Pe eae 
Mato salt 


ste 


FIGURE 4.123 CRACKING AND FAILURE PATTERN OF BEAM 15-12-6 
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FIGURE 4.124 CRACKING AND FAILURE PATTERN OF BEAM 16-12-6 
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FIGURE 4.125 CRACKING AND FAILURE PATTERN OF BEAM 17-16-4 


FIGURE 4.126 CRACKING AND FAILURE PATTERN OF BEAM 18-16-4 
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FIGURE 4.127 CRACKING AND FAILURE PATTERN OF BEAM 19-16-6 
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FIGURE 4.128 CRACKING AND FAILURE PATTERN OF BEAM 20-26-5 
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FIGURE 4.129 CRACKING AND FAILURE PATTERN OF BEAM 21-26-5 
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FIGURE 4.130 CRACKING AND FAILURE PATTERN OF BEAM 22-26-5 
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BEAM RL: 23 


FIGURE 4.131 
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FIGURE. 4.132 CRACKING AND FAILURE PATTERN OF BEAM 24-16-6 
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FIGURE 4.133 CRACKING AND FAILURE PATTERN OF BEAM 25-16-6 


BEAM RL- 26 


cose 
LOAD 20.0 


FIGURE 4.134 CRACKING AND FAILURE PATTERN OF BEAM 26-21-7 
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FIGURE 4.135 CRACKING AND FAILURE PATTERN OF BEAM 27-16-4 


FIGURE 4.136 CRACKING AND FAILURE PATTERN OF BEAM 28-16-4 
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FIGURE 4.137 
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FIGURE 4.138 CRACKING AND FAILURE PATTERN OF BEAM 30-21-7 
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CHAPTER 5 


DISCUSSION 


SL Ent roductaen 


This chapter presents a discussion of the thirty beams tested 
in this series and the effects of major variables involved. The major 
variables were reinforcement in the region of the holes, beam geometry, 
loading, flexural capacity and material properties. These variables 
and their effects on beam behaviour are discussed in Section 5.2. The 
behaviour of individual beams is discussed more completely in Section 
See Here the beams are grouped according to failure mode. The dis- 
cussion in Section 5.3 centers around the behaviour in relation to the 
results presented in Chapter 4 and the failure mode. Because the 
cracking behaviour was similar for all the beams of this series a gene- 


ral discussion is presented in Section 5.4. 


5.2 Beam Parameters 


The major variable of this study was the reinforcement required 
in the region around a hole. Other parameters such as beam geometry, 
loading conditions and flexural capacity were varied to place different 
demands on the reinforcement in the region around a hole. Regarding 
the geometrical changes, the span length was varied to facilitate casting 
two beams in the available 40 feet of forms. The material properties 


varied in a random manner. 
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The reinforcement in the region around the holes was grouped 
into four types: 


1. Post reinforcement. 


2. Solid shear span shear reinforcement. 


3. Strut shear reinforcement. 


4. Strut flexural reinforcement. 


The main post reinforcement consisted of double legged No. 
2 or 3 stirrups as shown in Figure 3.3 set vertically or inclined 
at 45°. Supplementary post reinforcement consisting of horizontal 
stirrups or inclined bars was used in some cases along with the vertical 
double legged stirrups. Increasing the number of vertical or inclined 
double legged stirrups increased the failure load of the posts as was 
previously noted by LeBlanc (6) and Sauve (11) in their studies. 
Inclined stirrups gave the posts higher capacity than vertical stirrups 
and also reinforced the top strut against shear near the load end of 
the strut. Supplementary post reinforcement increased the post strength. 
The response of post reinforcement to applied loads was monitored with 
the use of electrical resistance strain gages. The response of these 
gages is recorded graphically in Figures 4.29 to 4.38 for the main 


stirrups and for the supplementary post reinforcement in Figure 4.88. 


The stirrups in the solid shear spans had the same shape as 
the post stirrups and were fabricated from No. 2 or 3 bars. No failures 
occurred in this region although some of the beams were 20 percent 
under designed according to the ACI code (1). Several reinforcing 
arrangements were used. In the first 16 beams cast, No. 3 stirrups 


were used spaced at 6, 8 or 12 inches and set vertically or inclined 
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at 45°. For the next 6 beams, three No. 3 stirrups were placed be- 

side hole 1 then spaced at 15 inches, the maximum allowable for the 
concrete section according to the ACI code (1). The remaining eight 
beams were cast with 2 or 3 No. 3 stirrups beside hole 1 followed by 

No. 2 stirrups spaced from 6 to 15 inches according to Section 11.5.2 

of the ACI code (1). The lighter shear reinforcement allowed the 

shear cracks to open wider but as was noted earlier no failures occurred 
in this region of the beams. The response of the gages at stirrup 


locations 7 and 8 in this region are plotted in Figures 4.39 to 4.47. 


The shear reinforcement in the top and bottom struts of the 
beams of this series eliminated the most common failure of the test 
series by LeBlanc (6) and Sauve (11) from all but 5 beams of this series. 
The strut shear reinforcement used in this series consisted of closed 
No. 2 stirrups as shown in Figures 3.2 and 3.3 set vertically or 
inclined at 45°. The vertical stirrups in the top strut were spaced 
from 1.19 to 4.00 inches and the inclined stirrups were spaced at 3.50 
inches. The bottom strut stirrups set vertically had spacings from 
1.06 to 4.00 inches and the inclined stirrups were spaced at 3.50 inches. 
The strut stirrup spacing for each beam is given in Table 3.1. 
Decreasing the spacing of the strut shear reinforcement increased the 
shear capacity of the struts. Sloped post stirrups and diagonal sup- 
plementary post reinforcement increased the strut shear capacity also. 
The response of the strut shear reinforcement to the applied loads at 


gage locations 9 to 24 is plotted in Figures 4.48 to 4.87. 


With higher strut shear capacity in the struts, strut flexural 
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failures became the limiting factor in six beams of this series. The 
strut flexural reinforcement was placed in four layers over the depth 
of the” section. At the™top"of “the top strut, four No. 2 or®3 bare were 
used. In the other three levels, i.e., bottom of the top strut, top 

of the bottom strut and at the bottom of the bottom strut, the strut 
flexural reinforcement consisted of two No. 2, 3, 4 or 5 bars. 
Increasing the area of strut flexural reinforcement increased the load 
at which strut flexural failures occurred for similar loading condi- 
tions and hole lengths. Longer holes required more strut flexural 
reinforcement. Bond appeared to be a problem for the strut flexural 
reinforcement located at the bottom of the top strut where the stresses 
varied from yield in tension to yield in compression over the length 

of the struts and across the posts. Gages were placed on the strut 
flexural reinforcement of the last 16 beams cast. The response of these 
gages is recorded graphically in Figures 4.87 to 4.102 for gage loca- 


tions 25 to 40. 


The beam geometry was varied: (i) to place different demands 
on the reinforcement in the region of the holes and (ii) to facilitate 
casting. The changes in geometry in the first category are in relation 
to post and hole length and hole spacing and shape, and the second 
category is related to the span length. Several of the beams' geometric 
properties were constant throughout all the tests. The cross sectional 
area of the solid beam was 114.25 square inches and the cross sectional 
area of a hole was 32.0 square inches reducing the area 28 percent. 

The gross moment of inertia of the solid concrete section was 4583 in 


and through a hole 4369 naa a reduction of 4.9 percent. 
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Increasing the length of the holes placed higher demands on 
the strut flexural reinforcement and the post reinforcement. Increasing 
the post length for the same hole spacing increased the load at which 
the posts cracked and the failure load of the beams failing in post 


shear. 


Altering the shape of the holes from a rectangle to a 
parallelogram facilitated the placing of sloped stirrups in the posts 
and increased the beam failure load. Hence such an arrangement was 


more efficient as pointed out by LeBlanc (6). 


The clear span was 20 feet for the first 16 beams and 16 
feet for the remaining 14 beams. The shorter span was used to 
facilitate casting two specimens at once in the available 40 feet of 
forms. Shortening the span length decreased the length of the pure 


moment region and thus the deflections for the same shear span length. 


The loading was varied to place different demands on the 
reinforcement in the region around the holes by varying the applied 
shear and moment along the beam length. Seven point loading was 
applied to two beams and the remaining 28 beams had symmetrical two 


point loads with shear spans of 4, 5, 6 or 7 feet. 


The seven-point loading was used to simulate a uniformly 
distributed load without the extra strut moments due to transverse 
strut loads. One of the beams with this loading arrangement failed 


in flexure and the other in post shear. 
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Of the two point loadings the 4 ft shear span resulted in the 
most severe shear conditions placing high demands not only on the 
strut shear and flexural reinforcement but also on the shear reinforce- 
ment in the solid shear spans. Eight beams were loaded with this load 
arrangement; four failed in flexure, three in strut shear and one in 


strut flexure. 


The two point loading with 5 ft shear spans produced high 
demands on the strut flexural reinforcement because it was used on 
beams with holes 26 inches long. All of the beams with this loading 


failed in strut flexure. 


Two point loading with 6 ft shear spans was used in 15 of the 
tests. This loading was used to study the behaviour of a post in the 
shear span and its effect on adjacent holes. This load arrangement 
produced the maximum horizontal shear on a post because the change in 
moment between the centerlines of the holes was maximum. Of the 15 
beams tested using this load arrangement some beams failed in each of 
the four failure modes observed in this series; five failed in flexure, 


seven in post shear, two in strut shear and one in strut flexure. 


Two beams were tested with a two point loading and 7 ft 
shear spans. The main reason for this loading was to study the effect 
of increasing the hole length and spacing on the struts and posts of 
the shear spans. One of these beams failed in strut flexure and one 


in post shear. 


The flexural capacity is the last parameter discussed which 
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was varied to place different demands on the reinforcement in the 
region of the holes. Increasing the flexural capacity was accomplished 
by increasing the number of prestressing strands. Seven of the first 
ten beams were cast with four 3/8 inch diameter seven-wire prestressing 
strands and all of the other twenty-three beams had five strands. Two 
of the beams with four strands and eight of the beams with five strands 


ject ilevel slg, inllebiquade, 


Variations in material properties have some effect on the beam 
capacity but were not considered as major variables. The concrete used 
had an average compressive strength of 5554 psi with a maximum variation 
of 14 percent. This change in compressive strength resulted in a calcu- 
lated change in the flexural capacity of less than 1.0 percent. The 
average splitting strength was 409 psi and varied from 301 to 548 psi. 
The modulous of elasticity was calculated for the concrete in the first 
five beams and found to average 3.26 x 10° psi with vee = 44,000, 
considerably less than the ACI (1) recommended value of 57,000. The 
mild steel reinforcement had yield strength of 44.3 or 33.8 ksi for No. 
2 bats Straient and Stirrups, “51.4 Ksi for straight No. 3 bars, “55-2 
ksi for No. 3 stirrups, 58.2 ksi for No. 4 bars and 54.2 ksi for 
No. 5 bars. The properties of the prestressing strand were assumed to 


be constant as only one reel was used. Properties of all materials used 


are given in Appendix A. 


5.3 Beam Behaviour 


In this section the behaviour of individual beams, grouped 


according to failure mode, are compared and discussed. There were four 
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failure modes observed in this series; (i) flexural, (ii) post shear, 
(iii) strut shear and, (iv) strut flexure. These failure modes are 
defined in relation to this series at the beginning of the discussion of 
each group of beams exhibiting that failure mode. The beams in each 
group are sub-grouped according to the applied loading and discussed in 


relation to the test results presented in Chapter 4 and the failure mode. 


The beams failing in flexure are treated as control beams and 


the behaviour of other beams are compared to them. 


5.3.1 Beams Failing in Flexure 


Flexural failure is a failure due to applied moment alone, 
resulting in the failure of the tension reinforcement or crushing of the 
concrete. In this series all flexural failures were due to rupture of 
one or more of the prestressing strands. This type of failure is desir- 
able in that it is extremely ductile. The maximum deflections varied 
from 5.27 to 10.28 in. giving adequate warning of the pending failure. 

The flexural capacity of the beams was accurately calculated using 

Section 18-7 of the ACI Code (1) with $¢ = 1. The actual flexural capa- 
city ranged from 1.03 to 1.16 of the calculated capacity. In this series 
10 of the beams failed in flexure under three of the five different 
loadings. One beam (8-16-7L)* with a seven-point load failed in flexure. 
Nine beams with two-point loads also failed in flexure, four with 4 ft. 
shear spans (18-16-4, 23-16-4, 27-16-4, and 28-16-4) and five with 6 ft. 
shear spans (10-16-6, 12-16-6-P, 14-12-6, 19-16-6, and 24-16-6). The 

two loadings without flexural failures were the two-point loadings with 


5 and 7 ft.shear spans which were used in conjunction with larger holes 


* For beam number code, refer to Table 3.1, page 19. 
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26 and 21 inches long respectively. 


Beam 8-16-7L, the only beam with a seven-point loading to 
fail in flexure, had 8 by 16 inch holes spaced at 2 feet and 4 3/8 inch 
7-wire prestressing strands as the primary flexural reinforcement. The 
behaviour of this beam was that of a typical under-reinforced prestressed 
concrete T-beam as evidenced by the moment-deflection curve, cracking 
patterns, centerline concrete strain distribution and the moment-strain 


relationships for the prestressing strands. 


Failure occurred by rupture of all four prestressing strands 
at the beam centerline at a load of 5.75 k per jack. The maximum applied 
moment was 1578 in-k or 1.16 of the theoretical ultimate moment high for 
three reasons: (1) theoretical calculations assume concrete failure, 
(2) the concrete in the high moment region is confined by the loading 


apparatus, (3) the short length of the high moment region. 


The moment deflection diagram indicates that beam 8-16-7L is 
less stiff than beam EL-1 (Ref. 6, LeBlanc's control beam without holes) 
above a moment of 1000 in-k. This is because though beam EL-1 had the 
same loading, span length, and primary flexural reinforcement, it had two 
No. 3 supplemental longitudinal reinforcing bars running the full length 
of the beam in the bottom of the tee. This extra flexural reinforcement 


increased the theoretical flexural capacity approximately 224 in-k. 


The photographs of the cracking patterns show the flexure 
cracks extending 0.75 inches into the top flange at the ultimate load. 


The centerline concrete strain distribution at the same load indicated 
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the neutral axis was 1.25 inches from the extreme compression fiber. The 
demec gages on the top surface of the flange were shifted 8 inches from 
the beam centerline to accommodate the load at the beam centerline but 


they all recorded maximum compressive strains greater than 0.003 in/in. 


The measured strain in the prestressing strand at the beam 
centerline indicated the stress in the strands was within 5.0 percent of 
the manufacturer's tested ultimate tensile stress of 275.6 ksi. The 
strain in the prestressing strand decreased at gage locations further from 
the beam centerline because of the reduced bending moment and the supple- 
mented longitudinal reinforcement provided. At gage location 4, 7 feet 
from the centerline, the total force in the prestressing strand was 61 
percent of the ultimate tensile strength just slightly above the initial 
prestressing force. The maximum moment at this section was 72 percent of 


the moment at the beam centerline. 


The eleven gages on the shear reinforcement placed around holes 
1 and 2 showed generally the shear reinforcement contributed little to 
the ultimate strength of the beam. Only one gage, gage 6 in post l, 
indicated strains above the yield strain. The horizontal shear on post l 
under a seven-point loading is not as severe as the post load on post 1 
under a two-point load with a 6 feet shear span. The seven-point load 
does, however, produce the most severe load on post 2. The strain in this 
post remained below the yield strain and the crack through the post 
remained small. At gage 7 on the long stirrups near hole 1 in the solid 
shear span the strain reached 57 percent of the yield strain. The gages 


on the stirrups in the top and bottom struts all showed strains less than 
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26 percent of the yield strain and the shear cracks in the strut remained 
small. This is because of the high moments and low shears associated 


with the seven-point loading. 


The four beams with 4 feet shear spans that failed in flexure 
all had the same geometry and very similar reinforcement. The holes were 
8 by 16 inches located at 2 feet on the center and the clear span in all 
cases was 16 feet. The primary flexural reinforcement was 5, 3/8 inch 
7-wire prestressing strands running the full length of the beam. The 
strut flexural reinforcement in the shear spans consisted of four No. 3 
bars and six No. 5 bars. The No. 5 bars were anchored in the solid shear 
span beyond the support for beams 18-16-4 and 16 inches beyond hole 1 in 
the other three beams. In the pure moment region, the bars were cut off 
at the centerline of hole 2. The solid shear spans were reinforced with 
three No. 3 stirrups beside hole 1 and then No. 3 stirrups were spaced at 
15 inches for beam 18-16-4 and No. 2 stirrups at 6 inches for beams 
23-16-4, 27-16-4 and 28-16-4. The spacings for the stirrups in the top 
struts varied from 1.25 to 2.50 inches and in the bottom strut from 1.06 


to 2.15 inches: 


The general behaviour of each of these beams was that of a 
typical under-reinforced prestressed concrete T-beam; all failed by 
rupture of the prestressing strands. Three of the beams failed at a load 
of 38 kips per jack with an ultimate moment of 1824 in-k or 1.09 times 
the theoretical ultimate capacity. Beam 27-16-4 failed at 39 k per jack 
or 1.11 times the theoretical ultimate load. The higher ultimate capa- 


city of this beam is the result of the north shear span being less than 
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4 feet because a nut, used in leveling the bearing plates that rest on 
the knife edge of the roller support, was inadvertently left in place. 
The maximum possible reduction in the shear span length was 3 inches. 
Using this asymetrical loading, the maximum applied moment was 98 per- 
cent of the moment corresponding to the symmetrical loading and the 
shear on the north shear span was increased by 2 percent. The cracking 
pattern and deflections of the beam at the load point also indicated the 
loading was not symmetrical. However, as the difference was small, all 


the results are based on the symmetrical loading. 


The moment-deflection diagrams for the beams with 4 foot shear 
spans failing in flexure were all similar. Up to a moment of 720 in-kips 
they are linear, for higher moments the slope decreases to almost zero 
near the ultimate moment. The maximum deflection for these beams was 


between 7 and 9 inches. 


The concrete strains at the beam centerline indicated the 
neutral axis was approximately 2 inches below the extreme compression 
fiber at the ultimate load at which time the flexural cracks were within 
1.0 inches of the top of the beam. The maximum recorded strain in the 
concrete at the beam centerline was over 0.003 in per in for each of 
the beams. The distribution of the strain over the depth of the section 
was reasonably linear with a few irregularities at an applied moment of 


1000 in-k. 


The moment-strain curves for the prestressing strand at the 
beam centerline (gage 1) had the same shape as the moment-deflection 


curves, being linear up to a moment of 720 inches and the slope at higher 
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loads decreasing to almost zero at the ultimate load. At the centerline 
of hole 1, 5 feet from the beam centerline, the strain indicated by gage 
4 was less than 50 percent of the strain in the strand at the beam 


centerline for the same applied moment. 


The 4 foot shear span produced the greatest demands on the 
shear reinforcement except for the post reinforcement in post 1. The 
reinforcement in post 1 for these four beams consisted of four double- 
legged No. 3 stirrups. The theoretical horizontal shear developed in 
the post was 76 percent of the horizontal shear in the same post for 
beams with 6 foot shear spans. This coupled with the fact that the 
axial load was high in post, due to the applied load, made post 1 less 
critical under this loading. The gages in post 1 at gage location 6 
all exhibited the same behaviour to the post cracking load, that is, 
very small compression. The load at which the post cracks formed in 
post 1 varied from 16 to 20 k. As the post cracked, the strains changed 
from a small compression to tension over 0.0005 in/in. In beams 18-16-4 
and 28-16-4 the strain continued to increase slowly to a load of 30 k; 
for higher loads the strain decreased slightly to failure. The strain 
in the post stirrups in beam 23-16-4 increased more rapidly than in the 
others but the gage became inoperative at a load of 26 kips at a strain 
level below yield. The stirrup of beam 2/7-16-4 was the only one to 
reach the’ yiéld strain and did*so at a load of 32 kips. The post rein- 


forcement was adequate since the post cracks remained small. 


The reinforcement in the solid shear span also proved adequate 


and the cracks, though larger than in the posts, remained small. The 
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three stirrups beside hole 1 in all the beams with 4 ft shear Spans 
behaved in a similar manner having small tensile strains up to about 15 
kips then increased more quickly and approached a reading near the yield 
strain at the ultimate load. The stirrups 0.625 in. from the hole 
showed just slightly less strain than those 3.50 in. from the hole for 
the same load. The slope of the load strain diagrams for these stirrups 
generally increased above a load of 30 kips indicating yielding at other 
locations along the stirrups. Beams 23-16-4, 27-16-4 and 28-16-4 also 
had gages placed on stirrups in the solid shear span 15 inches from the 
edge of hole 1 near the cutoff of the strut flexural reinforcement. Only 
in beam 28-16-4 did this gage (gage 8A) indicate a significant strain. 
In this beam the strain was small to a load of 30 kips after which the 


strain increased rapidly to the yield strain at a load of 36 kips. 


The strains measured in the stirrups of the top struts indi- 
cated the stirrups were adequate for all spacings. The strains were 
highest in the first stirrups near the load at gage 13. For this gage 
in beam 28-16-4 the strain reached 97 percent of the yield strain. The 
load strain diagrams for this gage in beams 23-16-4 and 27-16-4 were 
similar to that of 28-16-4 but the strains were slightly smaller due to 
the closer stirrup spacing. The general shape of the load strain curve 
for gage 13 in these three beams was an "S' curve having small strains 
to a load of 12 kips then increasing at an increasing ratio to a load 
between 19 and 21 kips above which the strain increased slowly to the 
ultimate load. In beam 18-16-4 the behaviour of gage 13 was quite 
different and indicated the yield strain was reached at a load of 18 kips. 


This was most likely due to a malfunction of the gage as the plotted 
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curve was much different than for the other beams while the cracking 
patterns were similar for all four beams of the group. Beam 18-16-4 
was the only beam in this sub-group with a gage at the center of the 
top strut (gage 19) and the load strain curve for this gage correlated 
well with the cracking pattern. The recorded strain was small to a 
load of 20 kips when a web shear crack appeared; the strain at higher 


loads increased in a regular manner to yield at a load of 32 kips. 


In the stirrups of the bottom strut the strains were highest 
for gage 23 at the centerline of the hole. Although three of the four 
gages at this location indicated yielding before the ultimate load was 
reached, the rate of strain was relatively constant up to the yield 
Strain and beyond and the shear cracks remained small. The load strain 
plots for this gage indicated a small compressive strain up to a load 
of 12 to 15 kips when the strain jumped to tension and increased slowly 
to the ultimate load. The stirrup spacing had the expected result on 
the recorded strain, that is, the largest spacings led to the largest 
strains. The difference was, however, less than the change in Spacing. 
In beam 27-16-4 with the smallest spacing, 1.06 inches, the strain 
reached 97 percent of the yield strain at a load of 38 kips while beams 
18-16-4 and 23-16-4 with 1.50 inch spacing reached yield at 32 and 34 
kips, respectively. Beam 28-16-4 with 2.50 inch spacing, double that 


of beam 27-16-4, reached the yield strain at a load of 26 kips. 


The top strut flexural reinforcement consisted of four No. 3 
bars in the top and two No. 5 bars in the bottom. The strain measure- 


ment taken clearly shows Vierendeel type of strut behaviour with the 
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strain in the horizontal bars changing from yield in tension to yield 
in compression along the length of the struts. This change in stress 
along the length of the struts produced large bond stresses and in 


three of this group there appears to have been some slip. 


In beam 18-16-4 gages were placed on both the No. 3 and No. 5 
bars at both ends of both struts. Gage 29 on a No. 3 bar in the top 
of the strut near the load indicated the compressive strain increased at 
a fairly uniform rate to 95 percent of the yield strain at the ultimate 
load. Directly below gage 29, gage 30 on one of the No. 5 bars, the strain 
increased in tension slowly to 54 percent of the yield strain at the 
ultimate load. At the reaction end of the top strut gage 31 on a No. 3 
bar in the top of the strut indicated that the tensile strain increased 
slowly to 64 percent of the yield strain at failure. At gage 32, 
directly below gage 31, the strain increased in compression to a load 
of 22 kips; for all higher loads the compression decreased and at 
failure the strain was 50 percent of the yield strain in tension indi- 
cating that bond failure had occurred. In the other three beams of 
this group, only two gages were mounted on the strut flexural reinforce- 
ment of the top struts, gages 30 and 32 on the No. 5 bars. The load 
strain curve for gage 30 in beam 28-16-4 was similar to that of beam 
18-16-4. In beams 23-16-4 and 27-16-4, the strains were larger and 
reached the yield strain at loads of 34 and 36 kips, respectively. Gage 
32 for beam 27-16-4 and 28-16-4 indicated the strains were similar to 
those for beam 18-16-4 but the decrease in compressive strain started at 
a load of 26 kips. In beam 23-16-4 gage 32 showed a uniform increase in 


compression to 95 percent of the yield strain at the ultimate load. 
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The measured strains in the bottom strut also indicated Vie- 
rendeel truss behaviour but not as strongly as in the top strut because 
the compressive strains of the strut flexure are masked by the tension 
due to the beam moment. Beam 18-16-4 had gages at locations 37, 38, 39 
and 40 while the other three beams had gages at locations 38 and 39 only. 
Gages 37 and 40 were in the compression zone for the strut flexural 
moment, that is, at the top near the load and at the bottom near the 
reaction. However, these gages registered tensile strains indicating 
the compressive force was limited to a small area of concrete beyond 
the reinforcement. This is substantiated by the strut cracking pattern. 
The load strain curves for gages 38 and 39 were similar for each of the 
four beams in spite of the different behaviours observed in the top 
struts. The strain in these gages increased in tension to the failure 
load with the yield strain being reached at a load between 28 and 30 


kips for gage 38 and between 30 and 32 kips for gage 39. 


There were five beams that failed in flexure with 6 foot shear 
spans; all failed by rupture of the strands at loads between 103 and 108 
percent of their theoretical flexural capacities. Although these five 
beams all failed in a similar manner, there were major differences in 
the reinforcement around the holes, in the primary flexural reinforce- 


ment, in the span length, and in the size and shape of the holes. 


The behaviour of each of these beams was that of a typical 
under-reinforced prestressed concrete T-bean, with large deflections 


and high strains, in the concrete in compression, and in the prestressing 


strands in tension. 
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The moment deflection curves for these beams fell into three 
groups depending on flexural reinforcement and span length. The first 
group was made up of beams with four prestressing strands as primary 
tension reinforcement and 20 foot clear span. Beam 10-16-6 was the only 
beam of this series in this group. J. Sauve's (11) control beam (JS-1) 
also had the same span and tension reinforcement but had no holes. The 
deflection of beam JS-l was slightly less than for beam 10-16-6 through- 
out all stages of loading with the largest differences occurring between 
moments of 720 and 1200 in-kips when the cracks in beam 10-16-6 indicated 
the neutral axis was between the top of the bottom strut and the bottom 
of the top strut. Beams 12-16-6-P and 14-12-6 with 20 foot clear spans 
and 5 prestressing strands made up the second group. The moment deflec- 
tion curves for these beams were similar being linear up to a moment of 
720 in-kips with the slope at higher loads decreasing to the ultimate 
load with the maximum deflection over 8.0 inches. Beams 19-16-6 and 
24-16-6 with 16 foot clear spans and 5 prestressing strands form the 
third group. The load strain curves for these two beams were almost 
identical and had the same shape as those of the second group (12-16-6-P 
and 14-12-6) but the strain was slightly smaller due to the shorter span 


length. 


For the five beams failing in flexure, the measured strain at 
the beams' centerline at the penultimate load indicated the maximum 
compressive strains in the concrete were between 0.0027 and 0.0034. 
From the strain distribution at the same load, the neutral axis was 
located between 2 and 2.5 inches below the extreme compression fiber. 


The cracking patterns at the ultimate load indicated the neutral axis 
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was between 1.0 and 2.5 inches below the top of the beam. 


The moment-strain curves for the prestressing strands in the 
pure moment region for gages 1 and 2 had the same shape as the load 
deflection curves. Increasing the number of prestressing strands de- 
creased the strain but the changes in geometry did not. In the shear 
spans gages 3 and 4, on the prestressing strands, indicated the strain 
decreased towards the support and that the strain was less than at 


gages 1 and 2 for the same applied moment. 


Gage 5 on the post reinforcement in post 2, below the load, 
indicated the post reinforcement was more than adequate. Beam 10-16-6 
had 3 vertical double legged No. 3 stirrups while beam 19-16-6 and 
24-16-6 had 4 vertical stirrups and beams 12-16-6-P and 14-12-6 had 3 
inclined stirrups in post 2. The measured strains were between 200 
and 650 micro in per in and did not appear to be affected by the dif- 


ferent geometries on the reinforcing arrangements. 


For beams having 6 ft shear spans and one post in the shear 
span, the horizontal shear on post 1 was severe. This load and beam 
arrangement was used in seven of the nine beams that failed in post 
shear. Several different concrete layouts and reinforcing arrangements 
were used for the posts in the shear spans of the five beams that failed 
in flexure with 6 ft shear spans. For this reason, the posts and their 
reinforcement will be discussed separately for each of the five beams 


of this group. 


Beam 10-16-6 had vertical posts 8 inches long reinforced with 
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three vertical double legged No. 3 stirrups and supplementary reinforce- 
ment consisting of two No. 5 bars at 45°. Gage 6 on the vertical 
stirrups was inoperative. Gage 41 on the supplementary post reinforce- 
ment had an irregular load strain plot that indicated the axial load 

in the No. 5 bars, at the load where the bars reached the yield strain, 
was higher than in other beams with only sloped stirrups indicating a 
possible malfunction. Yielding occurred at a load of 16.5 kips but the 
cracks through the post remained small to failure. Beam 12-16-6-P and 
beam 14-12-6 both had three inclined double legged No. 3 stirrups in 
post 1 but 12-16-6-P had parallelogram shaped openings 16 inches long 
and inclined post while 14-12-6 had rectangular openings 12 inches long 
and vertical posts 12 inches long. Gage 6 in beam 12-16-6-P indicated 
the stirrups reached the yield strain at a load of 22 kips while in 
beam 14-12-6 the maximum recorded strain was 85% of the yield strain at 
the ultimate load. Beam 19-16-6 had vertical posts 8 inches long with 
four vertical double legged No. 3 stirrups as the main eae roceement 

in post 1 and seven closed No. 2 stirrups set horizontally along the 
height of the posts as supplementary reinforcement. Gage 6 on the 
vertical stirrups indicated little strain up to a load of 4 kips; at 
higher loads the load strain relationship was linear to the penultimate 
load when the strain reached 98 percent of the yield strain. Gage 41 
on the horizontal stirrups had a similar load-strain curve which was 
small to a load 4 kips and increased in a linear manner for higher loads 
to the yield strain at the penultimate load. Whereas in all the other 
beams with 6 ft shear spans the centerline of the first hole was 3 feet 


from the support, in beam 24-16-6 the centerline of the first hole was 
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The plotted load-strain curves for gage 7, on the first stirrup 
in the solid shear span, were similar for beams 10-16-6, 12-16-6-P, 
14-12-6 and 19-16-6 in spite of the different reinforcement arrangements. 
Generally, the strain was small up to a load at 7 kips and the strain at 
higher loads increased in a linear manner with yielding occurring at 
loads between 18 and 25 kips. The strain for gage 7 in beam 24-16-6 was 
much less than in other beams with 6 foot shear spans but similar to the 
strains for gage 7 in beams with 4 foot shear spans. Closer to the 
Supports at gage locations 8 and 8A, the maximum recorded strains were 


less than 650 micro in per in. 


A variety of shear reinforcing arrangements were used in the 
top and bottom struts of the beams with 6 foot shear spans that failed in 
flexure. Beam 10-16-6 had closed vertical stirrups spaced at 3 1/2 
inches in both top and bottom struts. The strut shear reinforcement in 
beam 12-16-6-P consisted of closed No. 2 stirrups set at 45° and spaced 
at 3 1/2 inches in both top and bottom struts. No strut shear reinforce- 
ment was provided in beam 14-12-6. In beams 19-16-6 and 24-16-6, the 
strut shear reinforcement consisted of closed vertical No. 2 stirrups 
in the top strut spaced at 1 7/8 and 3 inches, respectively, and in the 


bottom strut spaced at 1 1/2 and 1 5/8 inches, respectively. 


For beam 10-16-6, the strain in the top struts were larger 
above hole 1 than hole 2 and reached a maximum of 98 percent of the 


yield strain for gage 14, on the second stirrup from the load end of 
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the top strut, at a load of 17 kips. The maximum recorded strain above 
hole 2 was 56 percent of the yield strain. The strains in the bottom 
strut stirrups were all below 37 percent of the yield strain with the 
strain slightly larger below hole 2. The anchorage of the supplementary 
post reinforcement in the top strut above hole 1 and in the bottom strut 


below hole 2 may have had some effect on the measured strains. 


The stirrup strains in the top struts of beam 12-16-6-P were 
largest above hole 2 with gage 10 on the second stirrup from the load 
end of the strut indicating the yield strain at the penultimate load. 
Above hole 1 the maximum recorded strain was 40% of the yield strain. 
In the bottom struts the strains were also larger below hole 2 with 
gage 19 at the strut centerline reaching the yield strain at a load of 
18 kips while below hole 1 gage 23 reached 95 percent of the yield 


strain at the ultimate load. 


Though there were no strut shear stirrups placed in the struts 
of beam 14-12-6, the sloped post reinforcement checked the shear cracks 
that formed near the load ends of the top struts. This beam also 
demonstrates the high shear capacity of the concrete section under this 
loading arrangement. The average shear stress on the concrete at the 
centerline of the hole is 750 psi based on the minimum web width and 


the beam depth less the height of the hole. 


For beam 19-16-6, the strains measured in the top strut stirrups 
were all below 50 percent of the yield strain and similar above both 


holes. In the bottom strut the strains were larger below hole 1 reaching 
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68 percent of the yield strain for gage 23 at the strut centerline, 
while below hole 2 gage 19 indicated the strain was below 33 percent 


of the yield strain. 


There was no hole 1 in beam 24-16-6 and the strain in the 
strut shear reinforcement above and below hole 2 reached maximum strains 


of 58 and 80 percent of the yield strain. 


The various strut shear reinforcing arrangements were all 
adequate even for beam 14-12-6 which had no strut stirrups. The various 
spacings of the vertical stirrups had little influence on the recorded 
strains, however, the inclined stirrups of beam 12-16-6-P generally 


carried more load than the vertical stirrups. 


The top strut flexural reinforcement, in all five of the beams 
with 6 ft shear spans that failed in flexure, consisted of six No. 3 
bars. In the bottom struts the supplemental longitudinal reinforcement 
consisted of four No. 3 bars; two at the top and two at the bottom of 
beams 19-16-6 and 24-16-6 while beams 10-16-6, 12-16-6-P and 14-12-6 
had only two No. 3 bars in the bottom of the struts. Strain gages were 
mounted only on the strut flexural reinforcement of beams 19-16-6 and 


24-16-6. 


The gages in the top struts of beam 19-16-6 indicated the 
formation of a mechanism over both openings with the yield strain being 
reached; in compression at gage 32, on the bottom of the top strut of 
hole 1 near the reaction, and in tension at gage 26 on the bottom of 


the top strut of hole 2 near the load. The other gages in the top strut 
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indicated strains less than 40 percent of the yield strain. The gages 
in the bottom struts indicated the mechanism was forming independently 
below both openings. At the bottom of the bottom strut where both the 
beam moment and the strut moments produced tension, gage 34 indicated 
the reinforcement reached the yield strain at a load of 13 kips. The 


other gages in the tension zone of both the beam moment and strut moment 


by gages 38 and 39 indicated yielding at a load of 20 kips. 


The gages on the strut flexural reinforcement in beam 24-16-6 
indicated slightly less strain than for 19-16-6 for the same load. 
This suggests that strains above hole 2 of beam 19-16-6 were slightly 
affected by the adjacent post 1 and hole l. Gage 26 in the top strut 
of beam 24-16-6 indicated yielding in tension at a load of 22 kips 
while gage 28 indicated yielding in compression at a load of 20 kips. 
Gages 34 and 35 in the bottom strut were both in the tension zone of 


the strut moments and indicated yielding at 15 and 16 kips respectively. 


Strut flexure did not appear to have serious detrimental 
effects on the behaviour of any of the beams with 6 ft shear spans that 
failed in flexure, in spite of the fact that some yielding in the strut 


flexural reinforcement did occur. 


The holes in the beams which failed in flexure were adequately 


reinforced so the full flexural capacity of the beams was reached 


therefore the beams failing in other modes will be compared to them. 


5.3.2 Beams Failing in Post Shear 


Post shear failure is a failure initiated by the failure of a 
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post in the shear span which results in the lateral displacement of the 
top and bottom portions of the post. This increases the effective hole 
length placing extra demands on the reinforcement in the region around 
the holes to either side of the post. The strut flexural reinforcement 
failed in most of the beams of this group and the shape of the beam 
after failure was the result of a strut flexural mechanism over tae 


openings. 


Post shear failure is undesirable because it does not allow 
the beam to reach its flexural capacity and occurs with little warning. 
However, this was the most common failure mode observed in the shear 
spans for all of the beams tested. Below, the forces and the parameters 
that affect post shear failure are discussed along with the behaviour 
of the nine beams failing in post shear, namely, beams 1-16-6, 3-16-6, 


4=16-6,2 616-67 7-16-6, 9-16-6, 13-16-6-P, 29-12-6 and 30-21-7. 


Where shear is present, the major forces acting on the posts 
are (1) horizontal shear due to the change in beam moments between the 
centerlines of the openings, (2) moments due to the horizontal shear 
and the strut moments, (3) axial load due to the applied load and the 
change in proportion to the shear carried by the top and bottom struts 
from one hole to the next. The change in moments between the centerline 
of holes 1 and 2, spaced at 2 feet on center in a beam with 6 foot shear 
spans, produced a horizontal shear equal to 1.66 times the applied shear 
force. At the ultimate flexural capacity, the shear stress in a post 
with a 4 by 8 inch cross-section is 1245 ksi or 16.7 times the square 


root of the average concrete strength for this series. Assuming an 


ator wihaenes ap olnaieiets ia .tg0q eit To sss aula i 
beers fotgsy of wt tasmeototatss sda no abanmsb at2xs grtosiq diggnel 


jodmestotnkes Leiwxsl? diese etT .t80q sda to sbte xsdtle o3 eefod sit 
mesd sii to sande ofa bre quoxg akd3 20 emasd aia 10 seaom ak borte? 
ows isyo meknbtosm Iexbxsl? syste & 36 tIweos ors esw oruits? ‘19378 


woils jon es0b 31 sevsoed wo tietyonilbbad at sritei xeede, 1809 
~gnintew efssil dibw equs90 brs yiiosq@so Leiwxesl? esi dosor oF ased ois 
46ede enfa ok bevisado abo etul tet nesses Yeaom sft saw skid  tevewoll 
exsteme req of9 bas eacs0t st -wolst .batesd ampod odd Yo Ife tot ansge 
svotveried oda dtiw snofs Bseésoalb ove saul isd teode teoq toetis Jed3 
,o-dl-& .8-dL-1 amnod .yiomen ,zeede d80q mt gptiiet emeed ontn siz to 
N=£S-08 bas 6-S£-OS ..F-d-0I-6! .o-91=-@ ,d-d1-% a-oi-d ,d-ol-b 


ateoq afd no gaitos eaa10t Jo[Lsam oy ,inseorg et asesla siedv 
oft meswiod etaoemom msed nt saneds oft oF Sub xeetie Isanoskrod (1) 978 
sears’ Lesnoskzor 4d2 02 Swvb adnemom (9) ,agatsago ‘ons To ssnifreta95 
sda bae baol betiqgs ony of ‘Sub beat) feixs () ,eoaommm sutse efit bas 
etoite mozjod bas qot ads xe betsxre> were si3 of noks rogehs ok ognpito 
see brabiiad Ts be} neswied ej asmom at gates oilT relat: aul ef tod sso a 
snode toot @ cia kw mead s mkt dasede no Isat S$ ms besaae r Mi E t eotod 20 
asode batiqas siz esmts 304.1 of imap asere raed at B sedi q pith 


ev wa wnemed) 
jeog s ai eeeste xgone ond cqstaons isqwxsli oveattato oft 3A. +9070% i 


fia ty Coole 


sisupe ost goths 5.0L 10 bew OhSL at noliose-geors dom Oye e « 3] 
op gotmueeA .estred, obs ete alot aaa? | 


186. 


inflection point at the mid-height of the posts, the maximum bending 


moment produced by this horizontal shear was 159 in-kips. 


The prime variable of this series was the reinforcement in 
the region around the holes, For the beams failing in post shear, the 
reinforcement in post 1 had the greatest influence on the post's ability 
to resist the applied forces and the beam capacity. Increasing the 
total area of vertical stirrups in post 1 for beams with 8 by 16 inch 
holes failing in post shear increased the beams' load carrying capacity. 
Inclining the post reinforcement also increased the capacity of the 
beams. The addition of horizontal stirrups in the posts increased the 
shear capacity of the post and reduced the strain in the vertical rein- 
forcement. The strains measured in the post reinforcement at gage 6, 
for the beams failing in post shear, was greater than in beams with 
the same geometry, post reinforcement and loading that did not fail in 
post shear. The post reinforcement in all the beams of this series 
appeared to be adequate to resist the bending moments due to the hori- 
zontal shear. The other reinforcement in the region around the holes 
was adequate in all the beams failing in post shear and in none of 
these beams was the beam capacity reduced by failure of any of the 
reinforcement except the post reinforcement. In fact, the strut flexural 
reinforcement of beam 4-16-6 was more than adequate. A reduced shear 
capacity in the bottom strut of this beam resulted in a reduced axial 
compression on post 1 which caused the post to fail at a relatively low 
load. At this lower load, the top strut flexural reinforcement was 


sufficient to carry the strut moments of a strut spanning two openings. 
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and the ultimate capacity of the beam was 1.5 kips higher than the post 


failure load of 11 kips per jack. 


The size and shape of the posts also affected the post be- 
haviour. Larger posts reduced the shear stresses produced by the hori- 
zontal shear and increased the post flexural capacity. For beams with 
one post completely within the shear span, the post cracking load for 
this post was highest when the length of the post and the post crack 
were longest. For beams with vertical 8 by 12 inch posts, this crack 
was 14.42 inches long and resulted in the highest post cracking loads. 
The crack length of inclined 8 by 8 inch posts was 5.66 inches and 
resulted in the lowest post cracking loads. The crack length and the 
post cracking loads of 8 by 8 inch vertical posts fell between these 
two extremes. The ultimate capacity and the strain in the post rein- 
forcement were also affected by the post geometry. Although compari- 
son is limited, it appears that increasing the horizontal dimension of 
vertical posts increases the post's ability to resist horizontal shear 
and reduces the strain in the post reinforcement. Inclined posts had 
extra moments, due to the post inclination and the axial load, but 
because of the inclination of the reinforcement at right angle to the 


post cracks the ultimate capacity of the posts were increased. 


The hole spacing was the other geometric parameter affecting 
the behaviour of the posts. Increasing the hole spacing increased the 
change in moment between hole centerline and thus the horizontal 
shear on the posts decreasing the post cracking load and increasing 


the strain in the post reinforcement. The comparison of the post 
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cracking loads for different hole spacings was as expected, less for the 
larger hole spacings both for beams that failed in post shear and those 
that did not. The comparison of the strain in the post reinforcement at 
gage 6, though limited because of differences in post reinforcement, 
indicated the strain increased with hole spacing but only at higher 
loads. Because of differences in post reinforcement used in the beams 
failing in post shear, beams failing in other modes are used for the 
comparison below. Beams 19-16-6, 25-16-6 and 26-21-7 had similar post 
reinforcement but hole spacings of 24.0, 24.0 and 30.3 inches respectively. 
The load strain plots for gage 6 in these three beams were almost iden- 
tical up to a load of 17 kips after which the strain in 26-21-7, with 
the longer hole spacing, increased more rapidly than in the other two 


beams to the ultimate load. 


The various loading arrangements used on the beams failing in 
post shear allowed variation in the geometrical properties of the posts 


and holes. 


Increasing the flexural capacity increased the failure load 
in two cases and decreased it in one case for otherwise similar beams. 
Beams 1-16-6 and 6-16-6 with 4 3/8 inch 7-wire prestressing strands 
failed at loads that were 91 and 92 percent of the failure loads for 
beams 3-16-6 and 7-16-6 which had 5 strands. However, beam 8-16-7L 
which had 4 prestressing strands failed at 104 percent of the failure 


load of 9-16-7L which had 5 prestressing strands. 


The general behaviour of all the beams which failed in post 
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Shear are similar. Post 1 cracked at a relatively small load (below 

37 percent of the theoretical flexural capacity) after which the post 
reinforcement picked up load and, in most cases, yielded before failure 
of the post. The post failure drastically changed the beam geometry by 
more than doubling the effective hole length which led to the formation 
of a mechanism and failure of the beam. The load at failure was between 


66 and 103 percent of the theoretical flexural capacities of the beams. 


In beams 1-16-6, 3-16-6, 4-16-6 and 29-12-6, after post 1 
cracked the strain in the post reinforcement continued to increase to 
the yield strain and beyond in some cases before the post failed which 
initiated the formation of a strut flexure mechanism over the two 
openings of the shear span. For beams 6-16-6 and 7-16-6, the post 
failed before the post reinforcement reached the yield strain but other- 
wise the failures were similar to those of the four beams discussed 
above. The general behaviour of beam 13-16-6-P was similar to that of 
the first four beams except that as the strut flexure mechanism was 
forming the top strut failed in shear compression above hole 1 at the 
reaction end. The failure was explosive and small blocks of concrete 
from the flange were thrown up to 10 feet. The general behaviour of 
beams 9-16-7L and 30-21-7 was also similar to that of the first four 
beams discussed except that in these beams the failure of post 1 caused 
post 2 to fail and then a strut flexural mechanism was formed over 


three openings. 


The strain in the concrete at the beam centerline indicated 


the neutral axis was between 3 and 15 inches below the extreme compres- 
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sion fiber for the last set of readings taken. The concrete strain 
distributions are similar for beams failing in post shear and for beams 
failing in flexure for the same applied moments. However, because the 
flexural capacity was not reached, the maximum compressive strains 


measured were lower ranging from 0.0010 to 0.0022. 


The centerline moment deflection curves for beams failing in 
post shear, up to their ultimate loads, followed the same path as those 
of beams failing in flexure for the same loading, flexural reinforcement 
and clear span. This comparison applies to beams 1-16-6, 3-16-6, 6-16-6, 
7-16-6, 13-16-6-P, and 29-12-6 but there are no exact comparisons for 
beams 4-16-6, 9-16-7L and 30-21-7. Beam 4-16-6 was unique in that the 
shear capacity of the bottom strut was reduced by the insertion of metal 
plates and the wrapping of the prestressing strands below holes 1 and 2 
of the north shear span. The deflection of this beam was greater than 
for any other beam for the same applied moment. For this beam, the 
moment deflection curve was linear to a moment of 396 in-kips after 
which the slope decreased slowly to a moment of 792 in-kips when post 1 
failed. As post 1 failed, there was a jump in the deflection but the 
beam continued to carry load to a maximum moment of 900 in-kips, 66 
percent of the theoretical flexural capacity when the deflection reached 
1.86 in. Beam 9-16-7L was different than any of the beams which failed 
in flexure because it was the only beam with a 7-point loading arrange- 
ment and five 7-wire prestressing strands. The centerline deflection 
for this beam was less than that of beam 8-16-7L which had the same 


loading and clear span but lighter flexural reinforcement. For beam 
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30-21-7 there is no direct comparison because there were no flexural 
failures in the two beams with two point loading and 7 ft shear spans. 
The centerline deflections of these two beams 30-21-7 and 26-21-7, 
which had the same loading flexural reinforcement and clear span, were 
similar for similar load levels. Because of the short pure moment 
region in these beams the deflection was less than for any other beam 
of this series. The flexural Capacity was not reached in the beams 
failing in post shear therefore the maximum centerline deflection was 
less than for beams which failed in flexure. However, the maximum 
deflection of beam 13-16-6-P was 6.48 inches at 103 percent of the 


theoretical flexural capacity. 


The moment-strain curves for the prestressing strand were 
similar for beams failing in post shear and beams failing in flexure 
for the same flexural reinforcement and loading. This direct compari- 
son applies to beams 1-16-6, 3-16-6, 7-16-6, 13-16-6-P and 29-12-6. 
There were, however, small variations due to differing crack locations 
but no general pattern was evident. There were no direct comparisons 
for beams 4-16-6, 19-16-7L and 30-21-7 for the same reasons noted in 
the discussion of the centerline deflections. In beam 4-16-6, gages 
1, 3 and 4 showed that the beam was behaving as an unbonded member 
for moments above 192 in kips when post 1 failed. For beams 9-16-7L 
and 30-21-7 there were no exact comparisons except at the beam center- 


line (gage 1) where the strain was similar to the strain in beams with 


the same flexural reinforcement for the same applied moments. 


Posts 1 and 2 of each of the beams failing in post shear had 
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the same post reinforcement except in beam 30-21-7 to which supplementary 
post reinforcement was added in post 1. Four different arrangements of 
vertical and inclined stirrups were employed in the posts of the beams 
failing in post shear. Beams 1-16-6, 3-16-6, 4-16-6, 9-16-7L and 
30-21-7 had three vertical double legged No. 3 stirrups in posts 1 and 

2, beam 30-21-7 also had supplementary post reinforcement in post 1 con- 
sisting of three closed No. 3 stirrups set horizontally. Beams 6-16-6 
and 7-16-6 had five vertical double legged No. 3 stirrups per post. Beam 
29-12-6 had two No. 2 and one No. 3 double legged vertical stirrups in 
each post. Beam 13-16-6-P had two inclined double legged No. 3 stirrups 


per post. 


The failure of the beams failing in post shear were all initia- 
ted in post 1 so the behaviour of the reinforcement in this post is of 
greater concern. The behaviour will be discussed in numerical order of 


the gage numbers as they are for other beams. 


Gage 5 in post 2 of the beams with vertical stirrups all 
behaved in a similar manner. The strain remained small until the post 
cracked at which time there was a jump in the strain reading. After 
cracking, the strain increased in a linear manner with increasing load 
to a maximum of less than 56 percent of the yield strain. For beams in 
which a post crack occurred in post 2, the recorded strains were less 
in beams with five vertical stirrups per post than those with three 
for the same loading arrangement. In beams 1-16-6 and 29-12-6, no post 
cracks developed in post 2 and the maximum strain at gage 5 was less 


than 1 percent of the yield strain. Post 2 in beam 29-12-6 did not 
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crack because of the large posts used in this beam. The reason for no 
crack appearing in post 2 of beam 1-16-6 is not as obvious but since 
the ultimate load of beam 1-16-6 is only 1.5 kips above the post crack- 
ing load for post 2 in beams 3-16-6, 6-16-6 and 7-16-6, it would seem 
reasonable that it was due to a higher tensile strength in the concrete 
of the posts of beam 1-16-6. Gage 5 in beam 9-16-7L did not operate 
correctly as the strain was over 50 percent of the yield strain before 
the post Ga Beam 13-16-6-P was the only beam failing in post 
shear which had inclined stirrups and the behaviour of gage 5 in this 
beam was different than in beams with vertical stirrups. The measured 
strain remained small to a load of 8 kips when it increased in a linear 
Manner to the ultimate load yielding at a load of 20 kips. A major 
crack appeared in post 2 of this beam at a load of 11 kips just above 


the gage but it did not pass all the way through the post. 


For the beams failing in post shear, at failure, post 2 
remained intact except for beams 9-16-7L and 30-21-7 in which the failure 
mechanism extended over three openings. The strain gage readings gave 


no indication of this type of response. 


Post 1 in all of the beams failing in post shear was_ severely 
distorted at failure as the failures initiated here. The strains in the 
post reinforcement for gage 6 were larger in beams failing in post shear 
than in any other mode. For these reasons the behaviour of the post 
reinforcement in these beams was of major importance. The shape of the 
load strain curves for gage 6 were all similar with the strain being small 


up to the post cracking load when there was a jump in the strain; at 
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higher loads the strain increased in a linear manner with respect to the 
applied load. There were, however, differences in the post cracking 
loads and the slope of the load-strain curves for different reinforcing 
arrangements, and post and hole geometries. Two different approaches 
to the correlation of the applied shear and the force in the stirrups 


are discussed below. 


The first was based on the slope of the load strain curve after 
cracking. Using this slope, the modules of elasticity of the stirrups, 
the area of the post stirrups, and assuming the strain in all the 
stirrups is the same, the relationship between the stirrup force and the 


strain in the post reinforcement was obtained for loads above post cracking. 


Beams 1-16-6, 3-16-6 and renee had three vertical No. 3 
stirrups and 8 by 8 inch vertical posts. The post cracking loads were 
9, 8 and 7 kips, respectively, after which the strain increased an average 
of 142 micor in. per in. per kip shear corresponding to an increase in the 
axial load in the stirrups of 2.71 kips per kip shear. In beams 6-16-6 
and 7-16-6, with five vertical No. 3 stirrups in the 8 by 8 inch 
vertical posts, the posts cracked at loads of 7 and 6 kips, respectively, 
after which the strain increased 88 micro in. per in. per kip shear cor- 
responding to an axial load in the five stirrups of 2.80 kips per kip s 
shear. Beam 9-16-7L had three vertical stirrups in 8 by 8 inches but was 
loaded with a 7-point load. Post 1 cracked at a load of 2.25 kips giving 
a maximum shear of 7.88 kips. The slope of the load strain curve beyond 
post cracking was 531 micro in. per in. per kip load corresponding to an 


axial load in the three stirrups of 10.2 kips per kip load or in terms 
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of the total shear 2.90 kips per kip shear. Gage 6 in beam 13-16-6-P 
with 8 by 8 inclined posts reinforced with two inclined No. 3 stirrups 
indicated the strain, after the post cracked at a load of 6 kips, in- 
creased at a rate of 142 micro in, per in. per kip shear or the axial 

load on the two stirrups increased at 1.82 kips per kip shear. Beam 
29=12-6 iad two No. 2 and one’ No. 3 stirrup in 8 by 12 in. posts. 

Gages were mounted on the No. 3 stirrup and on one of the No. 2 stirrups 
and are referred to as gages 6 and 6A, respectively. Post 1 in this 
beam cracked at a load of 11 kips. Gage 6 after the post cracked indi- 
cated the strain was increasing at a rate of 275 micro in. per in. per kip 
shear or the axial load in the stirrups was increasing at 3.35 kips per 
kip shear while gage 6A indicated the axial load in the stirrups was 
increasing at 1.97 kips per kip shear. The 8 by 8 in. posts of beam 
30-21-7 were reinforced with three vertical and three horizontal stirrups. 
The holes of this beam were 21 inches long whereas those of the other 
beams failing in post shear were 16 inches long. After post 1 cracked 
at a load of 6 kips, the strain increased 129 micro in per in per kip 
shear corresponding to an axial load in the three vertical stirrups of 
2.47 kips per kip shear. Gage 41 on the horizontal stirrups indicated 
the strain was increasing at 106 micro in. per in. per kip shear or 2.03 


kips per kip shear axial load in the three horizontal stirrups. 


This first approach is conservative because an extension of 
the load strain curve after cracking to the abscissa indicates a com- 
pressive strain exists in the reinforcement at zero load. The second 


approach is also conservative but passes through O at O load. 
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The second approach is based, as was the first, on the assump- 
tion that the strain in all of the stirrups is equal; but instead of 
taking the average slope after the formation of a post crack, the slope 
was calculated from zero to a point on the load strain curve where the 
yield strain was reached or the last available point on the curve for 
beams where no yielding occurred. Using the slope of this line, the 
area of the reinforcement and the elastic modulus, the relationship 
between the total shear and the axial load in the reinforcement was 
obtained. This calculation showed that for a given geometry the load on 
the post reinforcement was a multiple of the applied shear. For 8 by 8 
inch posts and 8 by 16 inch rectangular holes with vertical reinforcement 
the axial load on the post reinforcement was 2.51 times the beam shear 
with a maximum variation of 6.3 percent for the six beams failing in 
post shear in this category. Each of the other three beams failing in 
post shear had different geometries. In beam 13-16-6-P with inclined 
openings and stirrups the axial load in the stirrups was 1.83 times the 
applied shear. Gages 6 and 6A in beam 29-12-6 indicated the force in 
the post stirrups was 1.55 and 1.18 kips per kip shear, respectively. 
Beam 30-21-7 with 21 inch holes had posts which were reinforced by both 
horizontal and vertical stirrups indicated the axial load on the stirrups 
was 2.42 of the beam shear while gage 41 indicated the horizontal stir- 


rups carried a load of 1.97 times the applied shear. 


The principal force acting on the posts in the shear spans was 
the horizontal shear due to the change in moments between the centerlines 


of the holes. Therefore, the maximum force in the stirrups calculated by 
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the second method were compared to this horizontal shear for all of the 
beams of this series with more than one hole in the shear span for 7 
various post and reinforcement arrangements. Where both vertical and 
horizontal stirrups were used, the maximum average force in the vertical 
stirrups for hole spacings of 24 and 29 inches were 1.24 and 1.22 times 
the horizontal shear force, respectively; in the horizontal stirrups 

the force was 0.78 and 0.99. times the horizontal shear, respectively. 
When only vertical stirrups were placed in the vertical posts for holes 
24 inches on center, the post size had a large effect on the force in the 
stirrups. For 8 by 8 posts, the maximum average force in the stirrups 
was 1.56 times the horizontal shear while for 8 by 12 in. posts the 
maximum average force in the stirrups was only 1.03 times the horizontal 
ee For inclined stirrups, the post geometry also affected the force 
in the stirrups. In beams with parallelogram shaped openings 16 inches 
long spaced at 24 inches on center, the maximum average force in the 
stirrups was 1.10 times the horizontal shear while for beams with 8 by 
12 in. posts and holes spaced at 24 inches on center the force in the 
inclined stirrups was only 0.75 times the horizontal shear. For beams 
with 7-point loads and 8 by 16 in. holes 24 inches on center, the 
maximum average force in the vertical stirrups was 1.87 times the hori- 
zontal shear. This comparison of the stirrup force and the horizontal 
shear shows the advantages of (i) adding horizontal stirrups to vertical 
stirrups, (ii) inclining the reinforcement, and (iii) increasing the 


post size. 


There were no gages placed on the post reinforcement in the 


post flexural tension zone. However, from the cracking patterns, the 
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post flexural capacity appeared to be adequate for the post and rein- 


forcement arrangements used in this series. 


At gage 7 in the solid shear span, the load strain plots for 
beams failing in post shear were similar to the curves for gage 7 of 
the beams failing in flexure with 6 foot shear spans with two excep- 
tions; beams 4-16-6 and 29-12-6. Generally, the strain was small up to 
a load of 4 to 7 kips after which the strain increased linearly towards 
yield between 18 and 25 kips but only in beam 13-16-6-P did gage 7 
indicate that the yield strain was reached. In beams 4-16-6 and 29-12-6 
the recorded strains at gage 7 were less than for other beams of this 
group. Beam 4-16-6, as was noted earlier, was cast with the shear 
capacity of the bottom strut reduced and, because of this, gage 7 indi- 
cated a small compressive strain up to the ultimate load. Gage 7 in 
beam 29-12-6 for no apparent reason behaved similarly to gage 7 in 
beams with 4 foot shear spans. The strain remained small to a load of 
11 kips after which it increased slowly to a maximum strain of 750 


micro in. per in. at a load of 19 kips. 


The top struts of the beams failing in post shear had a 
variety of top strut shear reinforcing arrangements consisting of 
vertical or inclined No. 2 stirrups. Beams 1-16-6, 3-16-6, 4-16-6, 
6-16-6, 7-16-6 and 9-16-7L had vertical stirrups spaced at 3.50 inches. 
Beams 29-12-6 and 30-21-7 had vertical stirrups at 3.0 and 2.875 in., 
respectively, while 13-16-6-P had inclined No. 2 stirrups spaced at 
3.50 inches. The recorded strains were highest above hole 2 for all 


but beams 7-16-6 and 9-16-7L of this group and along the length of the 
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strut in the stirrup closest to the load for gages 9 and 13 for struts 
above holes 2 and 1, respectively. Beam 6-16-6 was the only beam with 
vertical stirrups in which the gages indicated yielding. Gage 9 in 
this beam reached the yield strain at a load of 15.5 kips while gage 

13 reached 90 percent of the yield strain at the ultimate load of 20.5 
kips. For all other beams the strain for gages 9 and 13 was less dean 
41 We of the yield strain. The recorded strains at gage 9 in 
beam 4-16-6 were similar to those of beam 6-16-6 but beam 4-16-6 failed 
at a much lower load. In beam 13-16-6-P, with inclined stirrups, the 
maximum recorded strains were larger than those of all but beam 6-16-6, 
the ultimate load was also larger. At gage 9 in beam 13-16-6-P the 
strain increased slowly to 350 micro in, per in, at a load of 18 kips; at 
higher loads the strain increased rapidly to the yield strain at a 

load of 22 kips. The maximum strain above hole 2 was more than three 


times that above hole l. 


The shear reinforcement in the bottom struts of the beams 
failing in post shear consisted of closed No. 2 stirrups. Beams 1-16-6, 
3-16-6, 6-16-6, 7-16-6, 9-16-7L and 13-16-6-P had the same stirrup 
spacing and inclination in the bottom strut as in the top strut. Beams 
29-12-6 and 30-21-7 had vertical No. 2 stirrups spaced at 1.625 and 1.875 
inches, respectively. Beam 4-16-6 had no shear reinforcement in the 
bottom strut. The strain in the stirrup of the bottom strut was larger 
below hole 2 except for beams 6-16-6 and 29-12-6 where the stirrup 
strain was equal below both holes of the shear span. The maximum strain 


along the length of the bottom strut was recorded near the strut center- 
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line. However, only in beams 13-16-6-P, 29-12-6 and 30-21-7 were gages 
mounted at the strut centerline at gage locations 19 and 23; for the 
other beams the gages closest to the centerline were gages 18 and 22. 
Of the beams with vertical stirrups, only in beam 30-21-7 was the yield 
strain reached while in all of the other beams the strain was less than 
40 percent of the yield strain. The gages on the inclined stirrups of 
beam 13-16-6-P indicated the strain was larger than in the beams with 
vertical stirrups. The strain in the bottom strut stirrups of beam 


13-16-6-P below hole 2 was twice as large as the strain below hole l. 


The strut flexural reinforcement in the beams failing in post 
shear had various arrangements. In beams 1-16-6, 3-16-6, 6-16-6, 7-16-6, 
9-16-7L and 13-16-6-P the top strut flexural reinforcement consisted of 
six No. 3 bars, four at the top and two at the bottom. The bottom strut 
had two No. 3 bars as supplemental longitudinal reinforcement in the 
bottom of the strut only. Beam 4-16-6 had the same top strut flexural 
reinforcement as the beams discussed above but the bottom strut had no 
supplementary flexural reinforcement. Beam 29-12-6 had six No. 2 bars 
in the top strut and four No. 2 bars in the bottom strut, two at the 
top and two at the bottom. Beam 30-21-7 had four No. 3 at the top of 
the top strut and two No. 4 bars at the bottom. In the bottom strut of 
beam 30-21-7, the supplemental longitudinal reinforcement consisted of 
four No. 4 bars, two at the top and two at the bottom. Beams 29-12-6 
and 30-21-7 were the only beams with gages on the strut flexural rein- 


forcement. 


The general behavior of the reinforcement as indicated by the 


F 


Tovey re lee : — i onl 
aor, HAY, ai 1s aes » a te ‘ 7 f 7 
Aa Sa 
Yh te ube ‘3 1 ‘a th 


aageg O19 THIS+0E min ort eneest aa 


pil do) t€k) baw. PL. coaotistiat & 2 - 
.OS bas SL aages si0W anbfsstae9. sae oy | senso 29368 ‘aliaaid sod 
bisty ott aew T-1S-0t mod a yino equssiga Isotitev da bw. cmon ls 30 
asi? eeel esw oiette a3 amsod. xarito ott: t0 ifs at ote badone abas 
sit 10 25868 aT waited bisiy o2 Yo sasoreg 08 : 


to equriise bantlont 
dtiw ‘ameed sda ot osdt segasl saw ee ci dicie basestbat Id-dL-€k: ais.) y 


meod to equizite autie mosses odd mr nksr ts aft .2quimd2e, Isotsiev_ i 
1 


ola an gta es SokWd esw § shed woled $-8-Ol-EL om 
' 


.f slod woled altstte2 


’ a. oe Kt ie 


teoq nt gnilisi exssd aft ok thomeototntss etieal? jyige eAT 
any 


~O-9L-8 ,d-dI-d ,d-0L-€ ,d-d1-L ams od ni “y bansmagae st avotisy bed isede i 
ea AS ee 
to betekenoo Insmego1pinlot Ieiwxefi guide god s2 q~5-81+EL bas Iv-ar-e ot 


qa ’ 
mos tod oft 3B ows bab god Sila 3s twot ,eted € so ete 
"itty, yh 


oft ot inomesorotntos Istibuataaol fsonsmsiqque es axed € ot ows bed 7 
| ‘<i \ a 
vylso jude ed3 to moxzod 


of bad Jutite goasod 613 aud svods bgteuseith ansad od3 es jngaso rotator ay 
- ‘ 
eted & .oM xe bed 0-Si-0S mes .snomoototaten ferumet3- ananemolgaed a 


oft ts ows , i132 mottod oft of eisd = .of wot bas ssa 909 > 


suise modiod oT 


- Texuxel? juxze qot emee odd bed d-BI-) msod 


to qod of3 ts € .of t0t ber reESu08 mp98 .mos3od ad 38 ed as 
30 tuxse mojjod sft nl .mostod aft, 3s ered d oh ows bas yaa wan 
to batetenoos tnsmesatotaiss Iantbhus teino f Levant gave ons A 

Q-SI-CS emssd .motiod oa 38 ows bus qoi edt je ot 


-ntey Isiuxelt suae 9d 1 Ano eogss datw 


201% 


gages on the supplementary longitudinal reinforcement in these beams 
was similar to the behaviour of the reinforcement in beams with 6 foot 
shear spans which failed in flexure. Vierendeel strut action was indi- 
cated over each opening but there were also indications of the forma- 
tion of a mechanism over two openings and some decrease in stress 
possibly due to loss of bond. The smaller holes and lighter rein- 
forcement of beam 29-12-6 and the larger holes and heavier reinforcement 
of beam 30-21-7 produced very similar effects on the load strain curves 
for these two beams. The first yielding of the strut flexure reinforce- 
ment occurred below hole 2 at the bottom of the bottom strut near the 
load at gage 34 where there is tension due to both beam and strut 
moments. The maximum compressive strains were recorded in the bottom 


of the top strut above hole 1 near the reaction at gage 32. 


The posts in the shear spans are subjected to a horizontal 
shear which places high demands on the post reinforcement. However, 
when the post reinforcement is adequate, the failure is forced to 


another location. 


5.3.3 Beams Failing in Strut Shear 


Strut shear failure is the failure of a beam due to a shear 
compression failure of the top strut and/or a shear and tension failure 
of the bottom strut. This mode of failue is undesirable in that it can 
occur with little warning below the flexural capacity of the beam. 
Strut shear failure was the most common failure mode in the test series 


of LeBlanc (6) and Sauve (12). However, the addition of strut shear 
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reinforcement in the top and bottom struts of the beams in this series 
eliminated this type of failure from all but 5 beams, namely, 2-16-4, 


5-11-4, 11-16-4, 15-12-6, and 16-12-6. 


The top and bottom struts are acted on by shear, moment and 
axial loads. The total shear at a given section through a hole is 
distributed in some changing ratio between the top and bottom struts. 
This strut shear also produces strut moments. The axial load on the 
struts due to the beam moments produces tension in the bottom strut and 


compression in the top strut. 


The axial load on the strut can be accurately calculated from 
the bending moment at the centerline of the hole and from the assump- 
tion that the compressive force acts through the centroid of the top 
strut and the tensile force acts through the centroid of the tensile 
reinforcement in the bottom strut. The shear and bending moments in the 
struts are, however, dependent on the distribution of shear to the top 
and bottom struts which changes as the load is applied. Several dif- 
ferent approaches to the distribution of this shear have been presented. 
The simplified classical Vierendeel truss analysis assumes the shear 
is distributed in proportion to the gross concrete areas of the struts 
and contraflexure points are assumed at the center of the strut's 
length. Lorensten (7) in his work assumed the shear was carried totally 
by the top strut while the bottom strut was assumed to be a tension 
link carrying no shear. Nasser et al (8) suggested a design procedure 
which proportioned shear by gross concrete area but suggested any dis- 


tribution can be assumed as long as the total shear is provided for. 
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Hanson (5), from his research on joists in negative bending, concluded 
that before cracking, the shear was distributed in proportion to con- 
crete area and after cracking the compressive strut carried all 
additional shear. At this time, it is recognized that the beam shear 
is resisted by shear in both the top and bottom struts. The relation- 
ship between the strut forces and the parameters of this series is 


discussed in the following paragraph. 


The reinforcement in the region around the holes was the prime 
variable in this test series. The shear reinforcement in the struts had 
the greatest influence on the struts' ability to resist shear. Decreas- 
ing the stirrup spacing increased the strut shear failure load. The 
stirrup spacings for the first 16 beams of this series were set at 
3 1/2 inches in both top and bottom struts based on calculations of the 
net section through a hole. The spacings of the stirrups in the top 
and bottom struts of beams 17 to 30 were based on an assumed shear dis- 
tribution according to "shear area''. The "shear area" of the bottom 
strut was calculated using the minimum web width. The "shear area" of 
the top strut was based either on the minimum web width or the minimum 
web width plus a portion of the flange and chamfers within the flange 
thickness on either side of the web. No strut shear failures occurred 


in the beams where the shear was proportioned by "shear area". 


Strut flexural reinforcement played a major role in resisting 
the strut moments due to strut shear and probably carried some shear by 
dowel action. It did not appear to have a great effect on the strut 


shear capacity of beams of this series. 
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The post reinforcement and its arrangement had a large influ- 
ence on the strut shear capacity. Inclining the post reinforcement in 
otherwise similar beams increased the shear capacity of the top strut 
near the load sufficiently to cause a flexural failure. Other post 
reinforcement arrangements and the reinforcement arrangements in the 


solid shear span had little effect on the strut shear capacity. 


The various 2-point and the 7-point loadings effectively changed 
the total applied shear to produce the same bending moment. The 2-point 
loading with 4 foot shear spans gave the highest shear which placed the 
greatest demands on the struts of hole 1 in shear flexure and axial 
load. Three of the 8 beams with this loading failed in strut shear, 
namely, beams 2-16-4, 5-16-4, and 11-16-4-P. The 2-point loading with 
6 foot shear spans was the other loading condition which produced strut 
shear failures. This loading produced the highest axial loads in the 
struts of hole 2 and thereby increased the shear carrying capacity of 
the top strut and also decreased the capacity of the bottom strut. At 
hole 1, because the axial load was smaller, the bottom strut was able 
to carry more shear than the bottom strut of hole 2, while the top strut 
at hole 1 had a lower capacity. For these reasons and because the depth 
of the bottom strut was 1.66 times the depth of the top strut, the 
critical struts should be above and below hole 2. This was the case 
in the two beams of this group with 6 foot shear spans which failed in 
strut shear, namely, beams 15-12-6 and 16-12-6. The loadings with 5 
and 7 foot shear spans produced conditions similar to those of 4 and 6 


foot shear spans, respectively, but were applied to beams with longer 
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holes. The 7-point loading arrangement gave a large variation in shear 
and moment along the length of the beam but the total applied shear was 


less than for the 2-point loads with shear spans less than 6.5 feet. 


Increasing the flexural capacity by increasing the number of 
prestressing strands had two primary effects on the struts. The total 
shear required to produce flexural failure was increased placing extra 
demands on the shear reinforcement. Secondly, the effective axial 
tension in the bottom strut was reduced because of the higher initial 


prestress force thus increasing the shear capacity of the bottom strut. 


The geometry of the holes and posts had some influence on the 
shear capacity of the struts but the most evident changes were in 
association with post reinforcement arrangements which were discussed 
earlier. One geometrical property which was not related to post rein- 
forcement was the hole length. For otherwise similar beams, the strut 
shear capacity was higher as the hole length decreased (compare 15-12-6 


and EL5-16-6 (6) with ultimate loads of 19 and 17.25 kips, respectively). 


The strut shear failures of this series, as shown by the 
photographs of failure, occurred in two different ways: (i) by the 
simultaneous opening of shear cracks in both the top and bottom struts, 
and (ii) by opening of shear cracks in the top strut and the formation 
of a mechanism in the bottom strut. Beams 2-16-4, 15-12-6 and 16-12-6 
failed in the former manner while beams 5-16-4 and 11-16-4-P failed in 


the latter way. 


Beam 2-16-4 failed when the shear reached 24.5 kips at 85 
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percent of the flexural capacity. Failure occurred as existing cracks 
in the top and bottom struts opened. In the top strut, the critical 
crack was a web shear crack which started near the middle of the strut 
and sloped toward the load at an angle less than 45°. The yield strain 
was reached in the strut shear reinforcement before failure. The 
failure crack in the bottom strut was a flexure-shear crack at approxi- 
mately 45°. No yielding of the bottom strut stirrups was recorded 


prior to failure. 


Beams 15-12-6 and yapeLys failed at shears of 19 kips and 
24 kips, respectively, at 81 and 103 percent of theoretical flexural 
capacity. These two beams were identical except that beam 15-12-6 had 
no strut shear reinforcement while beam 16-12-5 had No. 2 stirrups 
‘spaced at 4.0 inches. Both of these beams had two holes in each shear 
span and the failures were through the struts of hole 2. The critical 
shear cracks in both the top and bottom struts were in the same 
locations on the critical struts as those of beam 2-16-4. Beam 15-12-6 
had no strut shear reinforcement, therefore, it failed at the load at 
which the web shear crack appeared. Beam 16-12-6 did have strut shear 
reinforcement which picked up load quickly after the formation of the 
web shear crack, and increased the beam's capacity to beyond the 
theoretical flexural capacity. As the shear failure occurred, there 
was a violent release of energy which led to a web flange separation 
and a compression failure of the top strut in the pure moment region 


8 feet from the shear failure. 


Beams 5-16-4 and 11-16-4-P which formed the second set had 


edgs19 anise) ws asnusoo aiulled 7 
faotiizs sig este’ 909 oda ah 4, ee 


auize sity to elbbim arta, xs90 besxaa2 ‘dike dowa> tsade dow 8 


ed ants aeat signs op 46 bro ofa santa ae 


nistae bloty sit 
ne - 


Prva swiiel sroied seameoxsintes ipste 


~Ixorqgs ts Ase79 spona-siveelt & sw. tute mottod ont at. 


bebroxet eaw equisitae Jide mosjod git to gatbisty of | 
ae | ; 
-owwiist of solag: : 7, 

\ Lael asf b 


bas agta OL to e1ssse Js befist d-Si-Ol | bas 6-SI-eL —: ity ewig), a) | 


Leruxelt facksedoada 30 aneotsq COL bas IB 38 vclewaogass ceqhs 8S 


ae 
bs a<Si-ef mesd sedi sqesxe Cestsnsbt ‘gyow assed owl sued? yrtosqss | : 
4 4nn 


squizije S$ .oM bed 2-Si-81 mood alive jagmonyotniss mseie on ae 
eek i 


amsad Seeds. to djod .eetont 0.3 48 ‘beoage= 
i~ (ae ; ; 
.£ slod to ejuite sia dguowis raw estulbs? ed bas asqe a 


- 


aesrle fons at 2elon owl bell 


Isstsivo sdf 
ombe atid ai stow eju73e sbasied ‘bas qos ait diod nt when Ween. 1) 


| betes | 
a-Sf-ed! msof aor € misod 40 3203 Py: eivise Iesiaits of3 go casd saat am 
7 a4 iY nie. 


ts bsol sit ts ‘patted 4k ,svotexed3 Jaenoot0tniss +e9He jurte on bed 


4s9fe Juize ever bkb o~Si~ aL mesa -baxssqge W259 yesde dew ott nae 


aso ~bet1m950 siplist taeda oft eA 


gotistaqes epoelt dow s 03 bot dokdw ygtsas: aki 


nolgs: insmom savy sda al turie” gos ‘eda to. ve te : 

| al a 

a a 
iy oe Vanwy 


bed toe bnonga od3 bima0? slotdw I-84! 


ig | ou . nm Pati 
¢ . ry] A _ a _ a 


207. 


the same critical web shear crack in the top strut as the other beam 
but the bottom struts failed in different ways. Beam 5-16-4 failed 
when the shear was 20.5 kips or at 72 percent of the theoretical 
flexural capacity. Both legs of the center stirrup of the top strut 
were ruptured after failure. The bottom strut of this beam had its 
shear capacity reduced by the insertion of four metal plates in the 
strut but as seen from the cracking pattern, some shear was carried 

by dowel action and friction across the metal plates. The final shape 
of the bottom strut suggests a rotation at both ends similar to a 
strut flexure mechanism. Beam 11-16-4-P failed when the shear reached 
29 kips or 78 percent of the theoretical flexural capacity. This beam 
had parallelogram shaped openings and sloped stirrups. The failure of 
the top strut was similar to the failures of the other beams though 
the strain in the stirrups was slightly less for the same load. The 
critical web shear crack appeared in the top strut at a load of 24 kips 
and opened considerably at failure. However, the bottom strut did not 
fail in shear but a hinge formed at the load end about which the beam 
rotated causing concrete crushing at the top and opening a large 


crack along the post reinforcement. 


The moment deflection curves for beams failing in strut shear 
were much like those of similar beams failing in flexure up to the 
ultimate loads of those failing in strut shear. For beams 2-16-4, 
5-16-4 and 11-16-4-P, there were no similar beams because of differences 
in span length and flexural reinforcement. The deflection of beams 


2-16-4 and 5-16-4 was larger than those of the beams which failed in 
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flexure because these two beams had less flexural reinforcement and 
longer spans. Beam 11-16-4-P also had larger deflection because of 

the longer span. These three beams all had very similar moment- 
deflection curves up to a moment of 720 in-kips with the deflection of 
5-16-4 slightly larger because of the reduced shear capacity of the 
bottom strut. At moments above 720 in-kips the slope, though not as 
steep, was constant to the maximum deflection for beams 2-16-4 and 5-16-4 
of 2.4 inches and 1.79 inches, respectively. The slope of the moment- 
deflection curve for beam 11-16-4-P remained small to a moment of 864 
in-kips above which the slope though not as steep was constant to a 


maximum deflection of 2.32 inches. 


The major change in slope for the three beams above occurred 
at the load at which the flexural cracks completely cut the bottom 
strut in the pure moment region. The final flexural crack had little 


effect on the beam response. 


For beams 15-12-6 and 16-12-6, there are exact comparisons 
as beam 12-16-6-P and 14-12-6 had the same loading (6 foot shear spans), 
and the same clear span (20 feet) and flexural reinforcement (5 strands). 
The moment-deflection curves for these beams were almost identical. The 
slopes are linear up to a moment of 720 in-kips when flexural cracking 
occurred and increased slowly to a moment of 936 in-kips when the 
cracks extended completely through the bottom struts in the pure moment 
region. Above 936 in-kips the moment-deflection curve was relatively 
linear to a moment of 1296 in-kips as the cracks indicated the neutral 


axis was within the top strut. The maximum deflection of beam 15-12-6 
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was 2.16 inches at 81 percent of the theoretical ultimate flexural 
capacity while the deflection of 16-12-6 reached 7.76 inches at 103 
percent of the theoretical flexural capacity, only slightly less than 


the maximum deflection of beams which failed in flexure. 


The moment strain diagrams for the prestressing steel had 
the same shape as the moment-deflection curves. Gages at location 1 
and 2 in the pure moment region for all the beams failing in strut 
shear and flexure with similar flexural reinforcement indicated 
similar strains for the same applied moment. The moment strain diagram 
for gage 2 in beam 2-16-4 was the only exception because the supple- 
mentary reinforcement in this beam continued 2 feet beyond gage 2 
whereas in all the other beams of this series the strut flexural rein- 
forcement was terminated at gage 2, that is, below the first hole in 
the pure moment regions. The gages in the shear spans were less con- 
sistent than those in the pure moment region due most likely to 
differences in cracking patterns. For beams with 4 foot shear spans 
(2-16-4, 5-16-4 and 11-16-4-P), the strains at gage 4 in the shear 
span were greater than those of similar beams which failed in flexure 
because the areas of the supplemental longitudinal reinforcement in 
the beams failing in flexure were larger. For the beams failing in 
strut shear, the strains at gage 4 for some stages of loading were 
greater than the strain in the pure moment region. For beams failing 
in strut shear with 6 foot shear spans, gages 3 and 4 indicated less 
strain than those in the pure moment region for the same moment but 


more than for similar gages in beams with similar flexural reinforcement 
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and loading which failed in flexure. 


The long stirrups in the posts and solid shear spans of the 
beams failing in strut shear behaved in a manner similar to those of 
beams which failed in flexure. The post and solid shear of all the 
beams which failed in strut shear were reinforced with double-legged 
No. 3 stirrups set vertically except in beam 11-16-4-P where they were 
inclined at 45°. Three stirrups were placed in the posts in the shear 
span and below the loads. Gages were mounted at gage location 5 only 
in beams 15-12-6 and 16-12-6 of this group. Because of the large 
post size and because the load was above post 2, the recorded strains 
at gage 5 for these two beams were less than 2 percent of the yield 
strain. All of the beams of this group had gages mounted at gage 
location 6 in post 1. This gage was below the load for the beams with 
4 foot shear spans. In beams 2-16-4 and 5-16-4, the strain was small 
up to the post cracking load where there was a jump in the strain; 
after the post cracked, the strain increased slowly to a maximum strain 
less than 66 percent of the yield strain. There was no post crack in 
post 1 of beam 11-16-4-P passing through the gage. Therefore, the 
maximum strain was small reaching only 34 percent of the yield strain. 
Because beams 15-12-6 and 16-12-6 had 6 foot shear spans, post 1 and 
gage 6 were within the shear span. The load strain plots for these 
beams indicated a small strain to post cracking when there was a jump 
in the strain after which the strain increased to failure. The load- 
strain curves in beam 16-12-6 were more irregular than those of beam 


15-12-6 as there were two jumps; one as the post cracked below the 
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the gage at a load of 11 kips, and the second as a crack passed above 
the gage at 24 kips. Calculation of the average force in the stirrups 
to the last point on the load strain diagram (88 percent of the yield 
strain), indicates the force in the stirrups was 1.71 and 1.34 times 

the applied shear for beams 15-12-6 and 16-12-6, respectively. The 

force in the post stirrup of beam 29-12-6 which had the same post and 
hole size, and which failed in post shear, was 1.55 times the applied 


shear force. 


In the solid shear spans the stirrups were spaced at 8 inches 
for all five beams of this group. Gage 7 mounted on the first stirrup 
of the solid shear span indicated the yield strain was reached in three 
of the beams (2-16-4, 11-16-4-P, and 16-12-6). In all cases, the 
stirrups were adequate as indicated by the cracking patterns which 
showed that in no case did the shear cracks in the solid shear span 
cross more than two stirrups or extend to the bottom of the beam. The 
strain in beams 5-16-4 and 15-12-6 remained below 75 percent of the 
yield strain. The strain in beam 5-16-4 was irregular because of the 
reduced shear capacity of the bottom strut. In beam :15-12-6, the 


strain was less than in most of the other beams with 6 foot shear spans. 


The shear reinforcement provided in the struts of the beams 
of this group was not sufficient to prevent strut shear failures. 
The strut shear reinforcement of beams 2-16-4, 11-16-4-P and 16-12-6 
consisted of closed No. 2 stirrups in both the top and bottom struts 
of the shear spans with spacings of 3.50, 3.50 and 4.0 inches, respec- 


tively. The reinforcement was set vertically except in beam 11-16-4-P 
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where it was inclined at 45°. Beam 5-16-4 which had the shear capacity 
of the bottom strut reduced had closed vertical No. 2 stirrups in the 
top strut only spaced at 3.50 inches. Beam 15-12-6 had no strut shear 


reinforcement. 


In the top struts, some of the gages in all of the beams 
indicated yielding before strut failure occurred. For the beams with 
vertical stirrups, the strains were highest in the second stirrup 
from the load end of the strut (gages 10 and 14) and for the hole with 
the highest axial loads on the struts. For beam 11-16-4-P with inclined 
stirrups, the stirrup closest to the load end of the strut (gage 9) 
was the first to indicate yielding. The behaviour of these critical 
gages was similar for both loadings, being small up to the load at 
which a web shear crack appeared and increasing rapidly to yield before 
failure. The rapid increase in strain after cracking indicated the 
inadequacy of the strut shear reinforcement of these beams. The load- 
strain curves for beam 11-16-4-P with inclined stirrup indicated less 
strain for a given load than the curves of the vertical stirrups. This 
indicated their greater ability to resist shear. In the struts near 
the failure, the stirrups behaved in a similar manner for both loadings. 
However, this was not the case for similar locations with different 
loading conditions. The strains above hole 1 for beam 16-12-6 were 
much less than the strains in the stirrups above hole 1 for the beams 
with 4 foot shear spans. Beam 15-12-6 with no strut shear reinforce- 
ment was identical to beams 16-12-6 and 14-12-6 except that 16-12-6 


had strut shear reinforcement and 14-12-6 had inclined post reinforce- 
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ment. Beam 15-12-6 failed at 19 kips which is the same load at which a 
web shear crack appeared in beam 16-12-6. However, beam 16-12-6 
continued to carry load to 24 kips showing the value of strut shear 
reinforcement. Beam 14-12-6 which failed in flexure had no strut shear 
reinforcement either but, because the sloped stirrups in the posts 
arrested the shear cracks, this beam carried a maximum shear of 25 


kips before failing. 


Only three beams of this group had bottom strut shear rein- 
forcement. The gages on these stirrups indicated that there was little 
difference in the behaviour of the reinforcement due to different load- 
ing and a small difference due to inclination. The general behaviour 
for beams with vertical stirrups was nearly the same for both 4 and 6 
foot shear spans. The strain increased in compression to about 11 kips 
after which the strain increased in tension to failure. In no case was 
the yield strain reached, indicating a reserve shear capacity in the 
bottom strut. In beams with 6 foot shear spans, the strains were 23 
percent higher at hole 1 than at hole 2 yet the failure occurred 
through hole 2. The gages on the inclined stirrups of beam 11-16-4-P 
indicated the strain was greatest in the center stirrup at gage 23. 
This strain was twice as large as the maximum recorded strains at gage 
locations 21 and 22. The shape of the load strain curves for all the 
bottom strut stirrups of beam 11-16-4-P had similar shapes increasing 
in tension slowly to a load of about 10 kips after which the strain 


increased more rapidly to failure. 


From the strain measurements taken on the strut shear rein- 
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forcement for all 30 beams tested some general observation can be made. 
The strut stirrups with the highest strains were generally those above 
and below the hole where the strut axial loads were highest, that is, 
where the beam moment was the highest. The gage along the length of 
the strut with the highest strain was usually the nearest to the load 
in the top strut and near the strut centerline in the bottom strut. 

The location of the failure cannot be absolutely determined, but it is 
clear that the strut shear reinforcement prevented the strut shear 
failure of over 80 percent of the beams of this series. Further, none 
of the beams with their shear proportioned by shear areas and strut 
shear reinforcement designed by section 11.4.3 of the ACI Code (1) 
considering strut axial loads due to beam moments and proportioning 
the shear by shear areas failed in strut shear. Though in some cases 
the maximum spacing and the maximum allowable shear stress specified 
in section 11.6.4 to prevent concrete crushing were exceeded, no concrete 


crushing was noted along the shear cracks. 


There were no gages on the strut flexural reinforcement of 
the beams which failed in strut shear. Strut flexure cracking is 
evident in the photographs but the strut flexure reinforcement was 


adequate to resist the applied loads. 


5.3.4 Beams Failing in Strut Flexure 


Strut flexural failure ideally is a failure in which both 
ends of both struts above and below a hole fail in flexure yielding 


the reinforcement and crushing the concrete. This forms a strut flexure 
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mechanism over one opening with hinges at both ends of the struts. This 
definition is rather ideal and assumes sufficient rotational capacity 

is available for the formation of all four hinges. However, in some 
cases, after the formation of one hinge there is a sufficient change in 
the concrete sections to cause failure before all four of the hinges 


have developed. 


Strut flexural failure is generally undesireable in that the 
flexural capacity of the beam is not reached. There was, though, 
visible warning of this type of failure in the spalling of the concrete 
as the hinges were forming. Strut flexural failures are generally 
associated with long holes. However, in beams with shorter holes, the 


anchorage of the strut flexural reinforcement becomes more difficult. 


The forces acting on the struts of the shear spans which lead 
to strut flexural failures are shear axial load and strut moments. The 
critical factors affecting these forces and the strut flexural capacity 
of a beam are the distribution of the shear to the top and bottom 
struts and the location of inflection points along the strut length. 
The distribution of the shear was discussed in the previous section 
(section 5.3.3). Several approaches have been used to locate the 
inflection points in the struts but the conclusion was the same: for 
design it is sufficiently accurate to assure the inflection point at 
the strut centerline as is done in the simplified Vierendeel truss 
analysis. Nasser et al (8) calculated the location of the inflection 
points from the deflected shape of the struts and from concrete strains 


at the quarter points of the strut. They found the point of inflection 
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could be 0.10 of the hole length on either side of the strut centerline 
for their long symmetrically reinforced struts (1.3 to 2.6 times the 
beam depth). Hanson (5) measured the concrete strains along the length 
of the compressive struts of his joists in negative bending and 
concluded the inflection point was at the strut centerline. Ramey and 
Tattershall (10) using a finite element analysis found that the point 
of inflection was within 0.10 of the hole length to the strut center- 
line for beams having holes with a height of 0.50, the height of the 
beam, and located at the centroid. All of these tests suggested the 
simplified Vierendeel truss analysis with its assumption of inflection 


points at the strut centerline is adequate. 


The shear carried by each strut acting at the inflection 
points produce the strut moments. These strut moments act in the same 
direction at either end of the struts. Therefore, the stresses at any 
given level change from tension to compression in the length of the 
strut or across a post in the shear span. Because of this, the bond 


stresses achoring the strut flexural reinforcement are high. 


The relationships among the strut forces, the beam parameters, 
and the strut flexural capacity indicated that the strut flexural rein- 
forcement and the hole length were the major factors with the other 
parameters having a much smaller influence on the strut flexural 


behaviour. 


The reinforcement in the region around the holes was the 


prime variable of this series. The strut flexural reinforcement placed 
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in the struts of the shear spans had a great influence in the strut 
flexural capacity. Increasing the area of the strut flexural reinforce- 
ment increased the capacity of the beam. This was evident in studying 
the failure loads and reinforcement of beams which failed in strut 
flexure and other modes. The failure loads of beams 20-26-5 and 

22-26-5 with 1.10 ‘Ge of supplemental longitudinal reinforcement was 

22 kips, while beam 21-26-5 with 2.30 ie of supplemental longitudinal 
reinforcement failed at a load of 29 kips. All three of these beams 
failed in strut flexure. This comparison is also true for beams 

25-16-6 and 17-16-4 which failed in S.F. with lighter reinforcement 

than beams 19-16-6 and 18-16-4, respectively, which failed in flexure. 
There was only one case in which increasing the area of the strut 
flexural reinforcement did not increase the beam capacity. Beam 26-21-7 
had lighter strut flexural reinforcement but failed at a higher load 
than beam 30-21-7. However, beam 30-21-7 also had lighter post rein- 
forcement and failed in post shear. Increasing the area of the strut 
flexural reinforcement by increasing the bar size increased the bond 


Stresses and the possibility of slip in the reinforcement. 


While the strut shear reinforcement was adequate to prevent 
strut shear failure, it had little influence on the strut flexural 
hehaviour. Decreasing the spacing did not increase the capacity. The 
presence of stirrups in excess of those required to carry the shear 
should, however, prevent the longitudinal splitting associated with 


bond failure. 


The post reinforcement had little effect on the strut flexural 
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behaviour as long as it was sufficient to prevent post shear failure 
which drastically increases the effective hole length causing a strut 


flexural failure over two openings. 


The shear reinforcement in the solid shear spans also had 
to be sufficient to prevent elongation of the hole by splitting along 


the strut flexural reinforcement. 


Beam geometry including hole length and shape and post length 
affected the strut flexural behaviour. Hole or strut length was the 
most important geometric parameter. As the hole length increased, the 
strut moments increased. This was emphasized by the observation that 
no strut flexural failures occurred in the beams with the shortest 
holes (12 inches long), and all of the beams with the longest holes 
(26 inches long), had strut flexural failures. The shape of the 
opening influenced the strut length or at least the effective strut 
length. For rectangular holes with rounded corners of the proportions 
used in this series, the effective strut length was the maximum hori- 
zontal longitudinal dimension of the hole. For openings shaped 
differently, such as parallelogram or circular, the effective hole 
length was not the maximum horizontal longitudinal dimension but 
something less. The effective hole length for various shaped openings 
was not a major factor in this test series. However, in Redwood's 
paper "Design of Steel Beams with Web Openings" (11) some solutions 


to this problem are discussed for steel beams. 


The post size had only a limited effect on the strut flexural 


behaviour. Larger posts reduced the tendency to form a strut flexural 
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mechanism over two openings and provided a greater length for the 


anchorage of the strut flexural reinforcement. 


The loading conditions were varied to place different demands 
on the reinforcement in the region around the holes in the shear spans. 
Strut flexural failures occurred in beams with four of the five 


different loading arrangements in this series. 


Higher flexural capacity, like shorter shear spans, produced 
greater demands on the reinforcement in the shear spans. Increasing 
the flexural capacity, as was done in this series by increasing the 
number of prestressing strands, also increased the strut flexural 
capacity of the bottom strut. This capacity was increased in two ways: 
(i) by reducing the tension in the concrete and the mild steel rein- 
forcement of the bottom strut and (ii) by increasing the area of strut 


flexural reinforcement in the bottom strut. 


The failures of all of the beams failing in strut flexure 
were characterized by two occurrences: (i) yielding of the reinforce- 
ment, and (ii) crushing of the concrete at the bottom of the top strut 
near the reaction end, above the hole with the highest axial loads. 

As discussed below, these two events occurred prior to failure in each 


of the beams. 


Beams 20-26-5 and 22-26-5 had ideal strut flexural failures 
with hinges forming at all four locations. The first hinge formed at 
a load of 19 kips with concrete crushing at the bottom of the top 


strut near the reaction of both beams. At a load of 22 kips or 79 
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percent of the theoretical flexural capacity failure occurred as the 


strut flexural mechanisms were completed in both beams. 


Beam 21-26-5 with the same geometry but much heavier strut 
flexural reinforcement than beam 20-26-5 and 22-26-5 failed at an 
applied shear of 29 kips or 104 percent of the theoretical flexural 
capacity.) For this beam, the first signs of the formation of a strut 
flexural mechanism occurred at a load of 26 kips as concrete spalling 
was observed at the bottom of both the top and bottom struts near the 
reaction. At the failure load, shear cracks opened in the top strut 


near the load and the strut buckled downwards. 


In beams 17-16-4 and 25-16-6, the concrete spalling from 
the formation of the first hinge caused a sufficient reduction in the 
concrete suction resisting shear that a large shear crack opened 
causing failure. The ultimate load on beam 17-16-4 was 31 kips or 89 
percent of the theoretical flexural capacity. For beam 25-16-6, the 
ultimate load was 22 kips or 94 percent of the theoretical flexural 


capacity. 


Beam 26-21-7 failed at a load of 20 kips or 100 percent of 
the theoretical flexural capacity. The first concrete crushing was 
noted at a load of 19 kips as a hinge developed at the reaction end 
of the top strut above hole 2. After the failure load had been applied 
for several minutes, the load started dropping off as two more hinges 
formed in the top strut of hole 2. The load was then removed and 


pictures were taken. Upon reloading to 19 kips, concrete crushing at 
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the load end of the top strut continued unchecked and the beam could 


no longer carry load. 


The concrete strains at the beam centerline for the beams 
failing in strut flexure were similar to those of beams failing in 
flexure and indicated that the strain distribution was reasonably 
linear throughout the depth of the section. Beams 21-26-5 and 26-21-7, 
which reached their theoretical flexural capacity, had the highest 
recorded compressive strains in the concrete at over 0.0030 in. per in. 
and the strain distribution indicated the neutral axis was within the 
top strut. In the other beams in which failure occurred below the 
theoretical flexural capacity, the maximum recorded strain in the 
concrete was between 0.0011 and 0.0016 and the strain distribution 
indicated the neutral axis was between 3 and 12 inches from the top of 


the beam. 


The moment-deflection curves for the beams which failed in 
strut flexure are very similar to those of beams failing in flexure 
with the same span length. The largest differences were found in beams 
20-26-5 and 22-26-5 which had the longest holes and relatively light 


strut flexural reinforcement. 


The moment-deflection curve for beam 17-16-4 follows the path 
of 18-16-4, 23-16-4, 27-16-4 and 28-16-4 which all failed in flexure 
and had heavier strut flexural reinforcement up to a moment of 1344 
in-kips at which time concrete spalling was observed in the top strut 


of beam 17-16-4. Above this load, the deflections increased more 
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rapidly than in the beams failing in flexure, up to the ultimate load 
at which time the deflection was 2.75 inches. For beams 20-26-5, 
21-26-5 and 22-26-5 there was no direct comparison because all of the 
beams with 5 foot shear spans failed in strut flexure. The deflections 
of these beams were slightly larger than those of beams failing in 
flexure with both 4 and 6 foot shear spans. The moment deflection 
curves for these beams were linear to a moment about 600 in-kips at 
which time there were flexural cracks in the pure moment region of each 
of the beams. The slope of the curves above this load decreased very 
slowly to a moment of 900 in-kips at which time flexural cracks passed 
completely through the bottom struts. Above 900 in-kips the slope 
decreased more rapidly and beams 20-26-5 and 22-26-5 with lighter strut 
flexural reinforcement appeared to be less stiff than beam 21-26-5. 

For beams 20-26-5 and 22-26-5 above a moment of 900 in-kips, the 
deflection increased rapidly to a maximum of 2.13 and 2.21 inches, 
respectively. For beam 21-26-5, the deflection increased less rapidly 
and followed the moment deflection curves of beams with 4 and 6 foot 
shear spans which failed in flexure up to the ultimate load when the 
deflection reached 5.19 inches. The moment deflection curve for beam 
25-16-6 followed the same path as beams 19-16-6 and 24-16-6 which 
failed in flexure and had the same flexural reinforcement in the pure 
moment region and span length though the strut flexural reinforcement 
in the shear spans was lighter in beam 25-16-6. There was no direct 
comparison for beams 26-21-7 because none of the beams with the same 
loading failed in flexure. The moment deflection curve for this beam 


was, however, very similar to those of beams 19-16-6 and 24-16-6 which 
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failed in flexure. The deflections of beam 26-21-7 at moments below 
1400 in-kips were larger, and above 1400 in-kips were smaller than those 
of the beams which failed in flexure. The slope of the moment deflec- 
tion curve was linear to a moment of 672 in-kips when flexural cracks 
appeared just outside the pure moment region. The slope at higher 

loads increased slowly to a moment of 1512 in-kips after which the 


deflections increased more rapidly to failure reaching 3.06 inches. 


The moment-strain curves for the prestressing strand at 
various locations along the length of the beam all had the same shape 
as the moment deflection curves. In the pure moment region at gage 1 
the behaviour of all of the beams failing in strut flexure and all 
other beams with five prestressing strands were very similar, being 
linear up to the flexural cracking load with the slope at higher loads 
decreasing to failure. In the shear spans at gage locations 3 and 4, 
the strain was less than in the pure moment region and varied with 
the number of holes in the shear span and the area of the supplemental 
longitudinal reinforcement. Beams 25-16-6 and 26-21-7 had two openings 
in each shear span. Though the strains in both these beams decreased 
towards the supports, the strains in beam 25-16-6 were much larger 
because of the lighter supplemental longitudinal reinforcement. Beams 
17-16-4, 20-26-5, 21-26-5, and 22-26-5 all had one hole in the shear 
spans. Gage 4 at the centerline of this hole indicated the strain 
was smaller in beam 21-26-5 which had No. 5 bars as supplemental 


longitudinal reinforcement, than in the other beams which had No. 3 bars. 


The posts below the loads and within the shear spans of the 
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beams which failed in strut flexure were reinforced by four vertical 
double-legged No. 3 stirrups; beams 25-16-6 and 26-21-7 also had four 
double-legged closed horizontal stirrups in the posts within the shear 
spans. Gages 5 and 6 on the vertical stirrups of posts 2 and l, 
respectively, and gage 41 on the horizontal stirrups indicated in all 
cases the stirrups were adequate to resist the applied loads as the 
yield strain was not reached. The gages on the stirrups in the posts 
below the loads, gage 5 in beams 25-16-6 and 26-21-7 and gage 6 in 
beams 17-16-4, 20-26-5, 21-26-5 and 22-26-5 indicated small strains 
less than 0.001 in. Post 1 and gage 6 in beams 25-16-6 and 26-21-7 
were completely within the shear spans and, therefore, the strains 
were much larger. The load strain curves for gage 6 in these beams 
were very similar to that of beam 19-16-6 which had similar post rein- 
forcement but failed in flexure. For beam 25-21-6, the average force 
in the vertical stirrups for the last load increment was 1.83 kips per 
kip shear compared to 2.51 kips per kip shear for the other beams which 
failed in post shear with the same geometry. For beam 26-21-7, the 
axial force in the stirrup was 2.44 kips per kip shear compared to 2.42 
kips per kip shear for beam 30-21-7 which failed in post shear. The 
average force in the horizontal stirrups calculated from the strain in 
gage 41 was 1.01 or 1.29 kips per kip shear for beams 25-16-6 and 


26-21-7, respectively. 


The solid shear spans of the beams failing in strut flexure 


were reinforced with vertical double legged No. 2 or 3 stirrups in 


different arrangements. Beams 17-16-4, 20-26-5, 21-26-5 and 22-26-5 
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had two No. 3 bars beside the hole and then No. 3 bars at 15 inches. 
Beams 25-16-6 and 26-21-7 had two No. 3 bars beside the hole and then 
No. 2 bars with spacings of 6 to 15 inches. The yield strain was 
reached at gage 7 in beams 20-26-5, 21-26-5 and 22-26-5 and at gage 

8 in beam 17-16-4 but the cracks in no case opened greatly or reached 


the bottom of the beam. 


The shear reinforcement in the struts above and below the 
holes in the shear spans of these beams was sufficient to cause strut 
flexural failures. The spacing of the closed vertical No. 2 stirrups 
Varied from. 1.500toe2. 7/5 anches in the top: strut: and) tromel. 50 torZ./5 
inches in the bottom struts. The shear reinforcement of all of these 
beams was designed by section 11.4.3 of the ACI Code (1) with the 
shear proportioned to the top and bottom struts by shear area includin 
the chamfers and part of the flange. An exception was beam 22-26-5 in 
which the shear was proportioned by the gross concrete area. This led 
to closer stirrup spacing in the top struts and longer spacing in the 
bottom struts of beam 22-26-5 than in beam 20-26-5 which was otherwise 
the same. Though there were more shear cracks and the recorded 
strains were larger with the larger spacings, both beams failed by 
the same strut flexural mechanism at the same load. The gages on the 
strut shear reinforcement which recorded the highest strains were at 
the centerline of the bottom strut and on the first stirrup near the 
load in the top strut, with one exception, beam 17-16-4 where the 
critical gage in the top strut was at the strut centerline. The yield 


strain was reached in the strut shear reinforcement of three of the 
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beams: in beam 21-26-5 in both top and bottom struts, in beam 22-26-5 


in the bottom strut, and in beam 26-21-7 in the top strut. 


The struts in the shear spans of the beams failing in strut 
flexure were reinforced with supplementary longitudinal reinforcement 
for both negative and positive bending. The behaviour of the rein- 
forcement brings to light information concerning mechanism formation 


and high bond stresses. 


Three different reinforcing arrangements were used in the 
struts of the beams of this group (beams failing in strut flexure). 
Beams 17-16-4, 20-26-5, 22-26-5 and 26-21-7 had ten No. 3 bars, 6 in 
the top strut and 4 in the bottom strut. In the top strut, 4 bars 
were placed at the top and 2 at the bottom, all running the full length 
of the beam. In the bottom strut, 2 bars were placed in the top and 
bottom of the struts. The supplemental longitudinal reinforcement in 
the bottom strut extended from the ends of the beams to the centerline 
of the first hole in the pure moment region except in beam 26-21-7 
where they were cut off 1.0 feet beyond hole 2 towards the beam center- 
line and 1.3 feet beyond hole 1 towards the support. Beams 21-26-5 
and 25-16-6 each had unique strut flexural reinforcing arrangements. 
Beam 21-26-5 had four No. 3 bars running the full length in the top 
of the top strut and two No. 5 bars were placed at the bottom. In the 
bottom strut, two No. 5 bars were placed at the top and bottom of the 
struts. All the No. 5 bars in both top and bottom struts extended 
from the end of the beam to the centerline of hole 2 in the pure moment 


region. Beam 25-16-6 had ten No. 2 bars as supplemental longitudinal 
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reinforcement in the same horizontal locations discussed above. The 
bars in the top strut ran the full length of the beam. In the bottom 
struts the bars were cut off 1.3 feet beyond hole 1 towards the support 


and beyond hole 2 towards the beam centerline. 


Electrical resistance strain gages were mounted on the strut 
flexural reinforcement of all the beams of this group. Beams 17-16-4, 
20-26-5, 21-26-5 and 22-26-5 had gages mounted in the tension and 
compression zones at both ends of the top and bottom struts. Beams 
25-16-6 and 26-21-7 had gages mounted on the bottom reinforcement of 
the top strut at both ends of each of the two holes in the shear spans 
while gages were placed only in the strut flexural tension zones in 


the bottom struts. 


The load strain plots for these gages indicated that the 
gages in the bottom of the top strut and in the strut moment tension 
zones in the bottom strut were critical (had the highest strains and 
yielded before failure). The strains were higher in the struts with 
larger axial loads. Gages in the other noncritical locations reached 


the yield strain only in beam 22-26-5. 


The noncritical gages were located on the top bars in the top 
strut and in the strut flexural compression zones of the bottom struts. 
The strain in the reinforcement in the top of the top strut near the 
load increased slowly in compression to near the ultimate load but as 
the neutral axis moved upward above the bars, the gages indicated a 


small tensile strain. At the reaction end of top reinforcement in the 
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top strut, in the tension zone of the strut moments, the strain gages 
indicated a small compressive strain at early stages of loading but 
showed tensile strain at higher loads and reached the yield strain in 
beam 22-26-5. The reinforcement in the strut flexural compression 
zone of the bottom struts was at the top of the strut near the load 
and at the bottom near the reaction. The gages at these locations 
registered compressive strains during the early stages of loading. 

At higher loads, however, as the axial tension in the struts increased, 
the compression zone was reduced to an area of concrete beyond the 
reinforcement and the strain increased in tension. Beam 22-26-5 was 
an exception with the gage at this location indicating a compressive 


strain to failure, and reached the yield strain. 


The critical gages all indicated that the yield strain had 
been reached before failure. The first gages on the strut flexural 
reinforcement to indicate yielding were in the bottom of the bottom 
strut nearest the load where both the beam moments and strut moments 
produce tension. For beams with two holes in the shear spans, this 
was gage 34. The load-strain plots for this gage were linear to a 
load of 8 kips with the slope at higher loads decreasing to failure. 
However, even beyond yielding the slope remained greater than zero. 
The strains were slightly smaller for beam 25-16-6 than for 26-21-/7 
which had larger holes. The strains were also smaller at the corres- 
ponding location in hole 1 (gage 28) where the beam moment is smaller. 
For the beams with one hole in the shear span, the first gage to 


indicate that the yield strain had been reached was gage 38. The load 
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strain curve for this gage in beam 17-16-4 was linear to a load of 8 
kips; from 8 to 16 kips the strain rate increased gradually and was 
again linear between 16 and 25 kips reaching the yield strain at a load 
of 19 kips, above a load of 25 kips, the recorded strains were irregular. 
For beams 20-26-5, 21-26-5 and 22-26-5 the load strain curves for gage 
38 were nonlinear to a load of 10 kips having a slowly increasing rate 
of strain. At loads above 10 kips, the strain increased in a linear 
manner to beyond the load at which the reinforcement yielded. The load 
strain curves for these three beams all fall below that of beam 17-16-4. 
The strains in beams 20-26-5 and 22-26-5 were almost exactly the same 
for any given loading and in both beams, gage 38 reached the yield 
strain at a load of 13 kips. The strain in beam 21-26-5 was less than 
in beams 20-26-5 and 22-26-5 because of the heavier strut flexure 
reinforcement. Gage 38 in this beam reached the yield strain at a 
load of 17 kips. The second gage on the strut flexural reinforcement 
of the beams of this group to reach the yield strain was also in the 
bottom strut, at the top of the strut near the reaction end of the 

hole with the highest axial loads. For the beams with one or two holes 
in the shear spans, the load strain curves for the gages at the bottom 
near the load are parallel to those of the gages at the top near the 
reaction. The strains are slightly smaller near the reactions because 
of the eccentricity of the prestressing strands in the bottom strut 
(0.25 inches above the centroid of the bottom strut). The third and 
fourth gages to indicate yielding in the supplemental longitudinal 
reinforcement of the holes with higher axial loads were at the bottom 


of the top strut in either the tension zone near the load or in the 
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compression zone near the reaction. The reinforcement in the compression 
zone was the third to yield in beams 17-16-4, 21-26-5 and 25-16-6 and 
the fourth to yield in beams 20-26-5, 22-26-5 and 26-21-7. The order 

of reaching yield in the strut flexure tension zone is the opposite to 
that described above. The behaviour of the reinforcement in the tension 
zone at the bottom of the top strut as shown by the load strain curves 
for gages 26 and 30, was similar for all beams of this group. The 

slope of the load-strain curves decreased to failure with a few 
irregularities after the reinforcement had reached the yield strain. 

The reinforcement at gage 30 reached the yield strain only in beams with 
1 hole in each shear span. The strain at any given load at gage 30 for 
the four beams, with one hole in the shear spans, was least in beam 
17-16-4 and greatest in beam 22-26-5. The load strain curve for 21-26-5 
fell just below that of 17-16-4 and that of 20-26-5 was just above that 
of 22-26-5. In the compression zone at the bottom of the top strut 

near the reaction end of the struts with the higher axial loads, gage 

28 or 32 reached the yield strain in compression before failure. The 
load strain curves for these gages had increasing rates of compressive 
strain to failure and maximum strains well beyond the yield strain 


reaching a maximum of ten times the yield strain in beam 17-16-4. 


Strut flexural failures as shown in the cracking patterns 
of beams 20-26-5 and 22-26-5 were the result of the formations of four 
plastic hinges, one at each end of both top and bottom struts. The 
formation of these hinges was confirmed by the yielding of the rein- 


forcement as indicated by the strain gages or visually by crushing in 
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the concrete. Yielding of the strut flexural reinforcement in the top 
strut gave a good indication of the load at which hinges form in the 
top strut. Yielding of the supplemental longitudinal reinforcement in 
the bottom strut was not a good indication because of the presence of 
the high strength prestressing strands which picked up additional load 
after the mild steel had yielded and prevented plastic rotation of the 
joints in the bottom strut. The first visible sign of hinge formation 
in all six beams which failed in strut flexure was spalling of the 
concrete from the bottom of the top strut near the reaction. This 
concrete crushing occurred at loads between 0.86 and 1.00 of the 
ultimate load. In the four beams in which all four hinges did not 
form before failure, the changing properties of the concrete cross- 
section in the top strut due to the crushing of the concrete at one 


or more of the hinge locations led to failure. 


A reasonable prediction of the strut flexural capacity was 
obtained by calculating the load at which the first hinge was formed. 
This was done by assuming: 

1. The shear is distributed to the top and bottom struts according 
to shear areas, including the chamfers and part of the flange. 

2. The inflection points are located at the strut centerlines. 

3... The axial force, in the top strut. acts through its centroid, and 
in the bottom strut through the centroid of the tension reinforce- 
ment and is equal to the beam moment at the strut centerline 
divided by the distance between the forces and calculating: 


a) The axial load-moment interaction diagrams for each hinge 


location, 
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b) The axial load moment relationship for each strut, 

c) The lowest load at which the two curves above cross. 
Using this procedure the capacity of the beams failing in strut failure 
was conservatively predicted. The actual ultimate capacity was between 


1.35 and 1.14 with an average of 1.27 of the calculated capacity. 


As the strut flexural mechanisms form, the stresses at any 
level change from tension at one end of the strut to compression at the 
other, placing high demands on the bond between the longitudinal 
reinforcement and the concrete. The change in stress in the bottom 
reinforcement of the top strut was the largest for the strut configu- 
ration used in this series. At this location, the stress changed from 
yield in compression to yield in tension along the length of the strut 
and across a post when there was more than one post in the shear span. 
According to the provisions of the ACI 318-71 (1), the minimum post 
and hole length to develop yield in tension and compression for No. 3, 
4 or 5 bars is 15.5, 18.0 and 21.9 inches, respectively. These limits 
were exceeded only in the posts of beam 26-21-7 of the beams failing 
in strut flexure. However, there was some longitudinal splitting in 
the concrete and some irregularities in the load strain curves for the 
longitudinal reinforcement that indicated some slip had occurred. 
Longitudinal splitting was evident along the bottom reinforcement of 
the top strut in beams 17-16-4, 21-26-5, 25-16-6 and 26-21-7. There 
were irregularities in the load strain curves for the longitudinal 
reinforcement of all the beams of this group. These irregularities 
were generally at loads above that at which yielding occurred and 


indicated a reduced rate of strain increase. 
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The strut flexural behaviour of the beams which did not fail in 
strut flexure indicated the strut flexural reinforcement provided was 
adequate to resist the applied loads although there were signs of strut 
flexural distress. This distress took the form of yielding of the strut 
flexural reinforcement, longitudinal splitting along the strut flexure 
reinforcement, and other signs of bond failure, and the formation of strut 
flexural mechanisms over more than one opening. The first 16 beams cast 
generally had eight No. 3 supplemental longitudinal reinforcing bars with 
6 in the top strut and 2 in the bottom of the bottom strut. There were no 
gages placed on the strut flexural reinforcement of these beams. From 
the cracking and failure patterns of these beams, it can be seen that 
only in beams where the posts in the shear spans failed did strut flexu- 
ral mechanisms form and in these cases the mechanism was over more than 
one opening. There was some longitudinal splitting along the bottom 
reinforcement of the top strut indicating the presence of high bond 
stresses. In the last 14 beams cast, the supplemental longitudinal 
reinforcement consisted of 10 bars in each shear span. Six of these 
were placed in the top strut and four in the bottom strut. The top 
layer of bars in the top strut generally consisted of four No. 3 bars; 
in the remaining three layers, two No. 2, 3, 4 or 5 bars were used. 
Electrical resistance strain gages were placed on the strut flexural 
reinforcement at critical locations. Six of these 14 beams failed in 
flexure, two failed in post shear and the remaining six failed in strut 
flexure. The strain gages mounted on the strut flexural reinforcement 
of the beams with two openings in the shear spans indicated a slight 
tendency towards the formation of a strut flexural mechanism over two 


openings in the top strut with the highest strains in the bottom of 
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the top strut in the tension zone near the load of hole 2 and in the 
compression zone at the bottom of the top strut at the reaction end of 
hole 1. In the bottom strut, the gages indicated that the formation of 
mechanisms proceeded independently in the struts below both holes. The 
first yielding occurred at the bottom of the bottom strut nearest the 
load. The gages in the other strut flexure tension zones of the bottom 
strut indicated yielding at successively higher loads towards the reac- 
tion. The four beams which failed in flexure with 4 foot shear spans 
each had one 8 by 16 inch hole in each shear span and identical strut 
flexural reinforcement; yet there were large differences in the recorded 
strains in the strut flexural reinforcement of the top strut. The most 
probable reason for the different behaviour was the extremely high bond 
stresses resulting from the use of No. 5 bars for strut flexural rein- 
forcement and the short 16 inch holes. Though failure occurred at 1.1/ 
times the calculated strut flexural capacity, only in beam 23-16-4 did 
the strain gages indicate strains large enough to form a hinge at the 
reaction end of the top strut. In the bottom struts, the load strain 
curves were very similar despite the differences in the strains in the 


top struts. 


5.4 Cracking and Deflection 


The cracking patterns and deflections of the beams of this 
series were independent of the failure mode; there were, however, 
differences due to loading, beam geometry and, to a small extent, the 
reinforcement. The order in which the cracks appeared at various loca- 
tions in each of the beams was similar for all of the beams and in each 


of the tests, cracks appeared in the shear span before flexural cracks 
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appeared in the pure moment region. In some of the beams tested, these 
cracks opened up and led to failure. However, these cracks did not 
greatly influence the beam behaviour of the beam up to the service load 
based on flexural cracking. At about the flexural cracking load, the 
centerline deflections for the beams of this series were greater than 


the theoretical elastic deflections. 


The cracking patterns and Table 4.1 indicated there was a 
general order in which cracks appeared at various locations under applied 
load. Prior to loading, there were cracks visible due to the prestress 
force and creep and shrinkage. The general order of appearance of 
loading cracks was: 


1. Corner crack from the lower reaction end of the 
hole closest to the reaction, 


2. Corner crack from the upper load end of the 
hole closest to the load, 


3. Strut flexure crack bottom of the bottom strut 
nearest to the load, 


4, Diagonal cracks in post l, 
5.  Flexure crack in the pure moment region, 
6. Strut flexure crack at the top of the top strut 
near the reaction. 
As can be seen in the above cracking order, several cracks 
appeared in the shear spans prior to flexural cracking in the pure moment 
region. These cracks did not greatly influence the behaviour of the 


beams of this series up to the service load and would likely not appear 


in less shear sensitive beams. This was demonstrated by Ragan and 


Warwaruk's (9) test of a full sized T-beam with large web openings which 
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‘when loaded to the service load had no cracks. This beam with a 120 
ft. simply supported clear span and a height of 4 feet was loaded with 
a uniformly distributed load. The holes were 8 feet long and the height 


of the holes varied from 23 to 8 1/2 inches. 


At failure, the beams of this series had several cracks in 
the pure moment region and in each shear span. The solid shear spans 
had two or three diagonal cracks which started from the edge of the 
first hole and sloped downward towards the support but only in two cases 
(beams 24-16-6 and 28-16-4) did these cracks reach the bottom of the 
beam. The bottom struts in the shear spans had closely spaced shear and 
flexural cracks. At the ends of the struts, the cracks were vertical. 
The slope of the cracks increased towards the center of the strut where 
cracks were sloped at 45°. The top struts in the shear spans also had 
shear and flexural cracks but they were more concentrated at the load 
ends of the struts. Twenty-two of the beams of this series developed 
flexural cracks at the reaction end of the top strut. This type of 
crack appeared only above the hole nearest the reaction. In some beams 
inclined web shear cracks appeared at the strut centerline and in the 
beams which failed in strut shear it was the crack which opened. The top 
struts also had some longitudinal splitting along the strut flexural 
reinforcement due to the high bond stresses involved in anchoring this 
reinforcement. The posts in the shear span, both those completely 
within the shear span and those below the load, were cut by a diagonal 
crack which extended from one corner of the post to the other and 
horizontal flexural cracks. The opening of the diagonal cracks led to 


post shear failures in 9 of the beams of this series, however, the 
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horizontal flexural cracks did not lead to any failures. In the pure 
moment regions, flexural cracks extended from the bottom of the beam to 
within 1 inch from the top and were spaced from 2 to 4 inches apart. 
The height of the flexural cracks at failure depended on the failure 
moment. The crack width was generally largest at the cutoff of the 
supplementary longitudinal reinforcement and there was some longitudi- 
nal splitting in this region. This cracking at the cutoff of the 
supplementary longitudinal suggests that the cutoff should be staggered 
and the strut shear Pet oreenent should continue into the pure moment 


region. 


Eight beams were tested with 4 foot shear spans. Seven of 
these had 8 by 16 inch rectangular holes spaced at 24 inches on center 
while the other beam had 8 by 16 inch parallelogram shaped openings. 
The order of cracking in these beams was slightly different in that 
post 1 cracked after flexural cracks appeared in the pure moment region 
because the load was applied directly above post l. Little difference 
was noted in the cracking loads due to the number of prestressing 
strands. The hole geometry did affect the cracking and for the beam 
with parallelogram shaped openings the cracking loads at each location 
were higher than for the beams with rectangular holes. The first crack 
appeared at the lower corner of hole 1 near the reaction at an average 
shear of 7.0 kips corresponding to a moment of 336 in-kips. The first 
flexural crack occurred at an average shear of 14.9 kips when the center- 


line moment was 714 in-kips. 


Three beams were tested with 5 foot shear spans, all of which 
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had 8 by 26 inch holes and 12 inch posts. The cracking loads associated 
with strut flexure were lower for these beams than for the beams with 
shorter holes. On the other hand, the post cracking load was high be- 
cause of the large post size and the loading. The first cracks due to 
the applied load appeared at the lower reaction end of hole 1 when the 
shear reached an average 5.0 kips when the centerline moment was 300 in 
kips. The first crack in the pure moment region was visible at an 
average shear of 10.3 kips corresponding to a centerline moment of 620 


in Kips. 


Fifteen beams were tested with 6 foot shear spans. All of 
these had two holes in each shear span and holes spaced at 24 inches, 
except for beam 24-16-6 which had only one hole in each shear span. 
Three different hole geometries were used in these fifteen beams: 

9 had 8 by 16 rectangular holes, 4 had 8 by 12 inch rectangular holes 
and 2 beams had 8 by 16 inch parallelogram shaped holes. The order in 
which the cracks appeared was dependent on geometry. For the beams 
with 8 by 16 inch rectangular shaped openings, the order of crack 
appearance was the same as the general cracking order, while for beams 
with 8 by 12 inch holes, because of the large posts, the post cracking 
load was higher than the flex cracking load. For the beams with paral- 
lelogram shaped openings, post cracks occurred before any other cracks 
were visible. The first cracks appeared at an average shear of 6.7 
kips corresponding to a centerline moment of 485 in kips. The flexural 
cracking load in the pure moment region was not affected by the hole 


geometry, however, increasing the number of prestressing strands did 
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increase the flexural cracking load slightly. The flexural cracking 
load for the four beams with four strands averaged 9.9 kips giving a 
centerline moment of 711 in kips while for the beams with five strands 
the average flexural cracking load was 10.6 kips corresponding to a 
centerline moment of 763 in kips. Strut flexure cracks at the top of 
the top strut near the reaction above hole 1 appeared in only 8 of 

the 15 beams with 6 foot shear spans. Seven of the 9 beams with 8 by 
16 inch rectangular holes exhibited this type of cracking while neither 
of the two beams with 8 by 16 parallelogram shaped openings and only 
one of the 3 beams with 8 by 12 inch rectangular openings exhibited 
this type of cracking. The average strut flexure cracking load for the 
top of the top strut for the 7 beams with 8 by 16 inch rectangular 
holes was 15.7 kips and ranged from 11 to 22 kips while for the one 


beam with 8 by 12 inch openings the cracking load was 21 kips. 


There were only 2 beams tested with 7 foot shear spans. They 
each had 2 holes, 21 inches long, in each shear span. The cracking 
order for these beams was slightly different than the general cracking 
order in that post 1 cracked before flexural cracks appeared at the 
bottom of the bottom strut in the shear spans. The first crack occurred 
at a load of 6 kips when the centerline moment was 505 in kips. 

Flexural cracking in the pure moment region occurred at an average 


shear of 8.5 kips while the centerline moment was 714 in kips. 


A 7-point loading was applied to two beams of this series, 
each of these had 8 by 16 inch rectangular openings spaced at 24 inches. 


The order in which the cracks appeared was typical except that post l 
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cracked after flexural cracking in the pure moment region due to the 
relatively low horizontal shear on this post and the application of 

the load above this post. The load at which the cracks appeared at 

the various locations did not appear to be greatly affected by the 
number of prestressing strands and the cracking load at some locations 
was higher for the beam with four strands than the beam which had five 
strands. The first cracks appeared at an average load of 1.75 kips 

per jack corresponding to a moment at the beam centerline of 483 in kips. 
The first flexural cracks at the beams' centerlines occurred at a load 


of 2.5 kips when the moment at this location was 690 in kips. 


The maximum service load and the load at which the load- 
deflection curve becomes nonitaeee for prestressed concrete beams is 
generally considered to be the load at which flexural cracking occurs. 
The theoretical flexural cracking moment can be calculated using the 


formula: 


Using this formula with the average splitting strength of the concrete 
for the beams of this series, and the properties of the gross concrete 
section, the flexural cracking moment can be calculated for different 
span lengths and primary flexural reinforcing arrangements. The theore- 
tical flexural cracking moment for beams with four /-wire prestressing 
strands and 20 foot spans was 625 in kips while the actual flexural 
cracking loads were between 8 percent low and 15 percent high. For 
beams with 5 prestressing strands and 20 foot spans the theoretical 


cracking moment was 705 in kips and the actual flexural cracking moment 
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was between 8 percent low and 22 percent high. For the beams with 5 
strands and 16 foot clear spans the theoretical flexural cracking 
moment was /30 in kips while the actual cracking moment was between 


18 percent low and 19 percent high. 


The centerline deflections of the beams of this series near 
the flexural cracking load, at a moment of 720 in kips, were greater 
than the calculated deflections. The actual centerline deflections 
were 1.10 to 1.79 times the calculated deflections using the moment of 
inertia of the gross concrete section of a beam without holes and the 
elastic modulus obtained from tests on the concrete. The moment of 
inertia of the gross concrete section used in this series is 4583 ie 
which is 5 percent higher than the moment of inertia at a section 
through a hole. The modulus of elasticity obtained from tests on the 
concrete used in this series was 3.26 x toe psi while the modulus of 
elasticity based on section 8.3.1 of the ACI Code (1) is 4.25 x 10° 


which is 30 percent higher than the test value. 


The theoretical deflection, calculated using the gross 
moment of inertia and the test value of the modulus of elasticity for 
the concrete from this series, is within 2 percent of the actual 
deflection of J. Sauve's control beam (JS-1) in the linear portion of 
the moment-deflection curve. At a moment of 720 in kips the actual 
centerline deflection was 0.30 inches while the calculated deflection 
was 0.305 inches, a difference of less than 2 percent. The differences 
between the theoretical and actual deflections for E. LeBlanc's control 


beam was much larger than for Sauve's control beam. The actual deflec- 
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tion at a moment of 720 in kips was 0.46 inches, 1.64 times the cal- 
culated deflection of 0.28 inches. Though it does not explain why 
there is such a discrepancy, it can be seen from the moment-deflection 
curve for this beam that there was an irregularity in the slope of the 
curve at a moment of 220 in kips. For higher loads the deflection of 
this beam was greater than ene eioe the two beams of this series with 


the same loading (7-point loading). 


One of the two beams of this series with 7-point loading had 
lighter flexural reinforcement than EL-1 while the other had heavier 
flexural reinforcement. All three beams had the same clear span of 
20 feet. EL-1l had four 7-wire 3/8 inch diameter prestressing strands 
and two No. 3 bars in the bottom of the beam. Of the two beams of 
this series, one had four strands while the other had five strands. 
For these two beams, the ratio of the actual to theoretical deflection 
was smaller for the beam with four strands, 1.10, while for the beam 


with five strands the ratio was 1.25. 


Eight beams were tested with 4 foot shear spans; three of 
these had 20 foot clear spans and the remaining five had 16 foot clear 
spans. Of the beams with 20 foot spans, two had four prestressing 
strands, one of which had the shear capacity of the bottom strut 
reduced, while the other beam with a 20 foot span had five strands. 
The number of prestressing strands did not appear to affect the ratio 
of the actual to theoretical deflections which was 1.15 for both four 
and five strands. The deflection was much larger in the beam in which 


the shear capacity of the bottom strut was reduced and the actual 
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deflection was 1.45 times the theoretical deflection. The five beams 
with 16 foot clear spans all had five prestressing strands and the 


average ratios of the actual to the theoretical deflection was 1.35. 


There were three beams tested with two point loads and 5 
foot shear spans, each of these had 16 foot clear spans, 5 prestressing 
strands and holes 26 inches long; the longest used in this series. The 
average deflection at a moment of 720 in kips was 0.34 inches giving a 
ratio of actual to calculated deflection of 1.79, the largest for the 


beams of this series. 


» Fifteen beams were tested with 6 foot shear spans. Eleven 
had 20 foot clear spans and four had 16 foot clear spans. Four of the 
eleven beams with 20 foot clear spans had 4 prestressing strands and 
one of these had the shear capacity of the bottom strut reduced. The 
ratio of the actual to the theoretical deflection was 1.74 for the beam 
with the shear capacity of the bottom strut reduced while for the other 
three beams the ratio was 1.35. The remaining seven of the eleven 
beams with 20 foot clear spans had 5 strands and the ratio of the actual 
to theoretical deflection was 1.12. The four beams with 16 foot clear 
spans all had 5 prestressing strands and the actual deflection was 


1.28 times the theoretical deflection. 


There were two beams with 7 foot shear spans. These had 16 
foot clear spans, 5 prestressing strands and holes 21 inches long. The 


average deflection of these beams was 1.63 times the theoretical deflec- 


[esoyale 


ambad vba, oT) sana ine a 
orid bye wbourtse’ dakedbaaamnay evi Bat stalin 

20.4 ene nobiaties tosses a 6 igen Se olser 
ay aor SM +7 aN 
2 bne ebsol intog ows $ sign botesd cand ont row oxedT “ 
i ~ * 
goleestiestg ¢ , msgs teals peer ar bas sus 0 Hose ,enBqe sede ? 
cup aed ay o 

eft .askrese era ni ‘Goan Jeegnok sai: saat adont es aslod ome 
5 saivig sodoat $€,0 e6w eqia ot ost 40. “soe 6 38° nol30efab egsteve 
54 103 seseztet oft , ON. f To hoitpsliob ipabinats> o3 Isutos to olse7 7 
aslise. atda 20 eapod a} 


a tre npn 
phage yeade 2001 6 Aiiw betaod Siew amaod noes ith . 


” 


nsvela _ 
rt. (Siete ua ine 
sii 20 xu0t .eaBee asels 309% OL basi 108 bas enage ras toot Of bad 
"a Se 
bos 2basite aateeavieetg 4 ben ensqa steele —T os take ie — : 
4 upiiey es 
edT .beoubss jusse wotsod -_ 20 uitouagss snails ~ a sess 20 ae a 
ve a’ q _ 
u 
mssd oft 102 AV. I enw ouisaebish siceaneronsd a3 92 Lintts ada to ‘v 
a) “Ope, ‘estate : 
janie sd 102 abtiw bosubes Sexae agotod eid 20 yitosqso iaeds anid rca 
124 dela hh a 


nsvels sft Jo nsvee gciatames eit 2. I asw olte1 sd3 amaed an _ 


fentos eft to otjax odd bas abasize ‘8 bait anager ‘Naabe soo 0S) 3 a 
tnalo toot 81 ditw aused 10% otT SbF ew poijoslieb Z 
esy noisookieb Inutos 33 Sob pbhustia Dilsidaaioaed 


af bed seaiiT ,anege yore 100i \, iaiwe 
asiT anol sonionk [$ ealorl bas F 
~oalieb inatsexoorts ofp aames 


Le Mle ‘di . ve 


244, 


Several general observations were made concerning the actual 
deflection and the ratio of actual to theoretical deflection, at a 
moment of 720 in kips, in relation to the parameters of this series. 

The ratio of actual to theoretical deflection was larger for beams with 
longer holes being 1.79 and 1.63 for holes 26 and 21 inches, respectively, 
while for 12 or 16 inch long holes, there was little difference and the 
average ratio is only 1.23. Decreasing the clear span increased the 
ratio of the actual to theoretical deflections for beams with the same 
shear span hole size and flexural reinforcement. Reducing the shear 

span also increased the ratio of the actual to theoretical deflection. 
Reducing the shear capacity of the bottom strut as was done in beams 
4-16-6 and 5-16-4 drastically increased the centerline deflections. 
Decreasing the number of holes in the shear span as was done in beam 
24-16-6 slightly reduced the centerline deflection compared to other 
beams with the same loading clear span and flexural reinforcement. 
Changing the primary flexural reinforcement from 4 to 5 strands decreased 
the deflection of beams with 6 foot shear spans, did not affect the 
deflection of beams with 4 foot shear spans and increased the deflection 
of beams with 7-point loading. The reinforcement in the region around 
the holes had very little effect on the centerline deflection. There 

was only one case in which a change in the reinforcement around a hole 
measureably influenced the deflection at a moment of 720 in kips. 
Increasing the strut flexural reinforcement in the beams with 5 foot 


shear spans and holes 26 inches long decreased the deflection. 


In the elastic range, the deflection of beams with multiple 
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holes were larger than the theoretical deflections of a beam without 
holes. Several cracks were evident in the beams of this series prior 
to flexural cracking in the pure moment region. However, these did not 
affect the behaviour nor would occur before flexural cracking in less 


shear sensitive beams. 
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CHAPTER 6 


SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 


yee Summary 


Thirty simply supported prestressed concrete T-beams contain- 
ing large web openings were tested to examine the behaviour and develop 
design procedures for such beams. The behaviour of these beams is 
recorded in terms of applied loads and the resulting deformations. The 
prime variable in this study is the reinforcement required in the 
region around the holes. Other parameters such as geometry, loading 
conditions, and flexural capacity were varied to place different demands 


on the reinforcement in the region of the holes. 


The reinforcement in the region of a hole is grouped into 
four types; post reinforcement, solid shear span shear reinforcement, 
strut shear reinforcement, and strut flexural reinforcement. Several 
different arrangements were used for each type. The post reinforcement 
was provided by vertical or inclined double-legged stirrups. In some 
beams, supplementary post reinforcement consisting of horizontal 
stirrups or inclined bars was added to the vertical stirrups. In the 
solid shear spans, the shear reinforcement consisted of vertical or 
inclined double-legged No. 2 or 3 stirrups at various spacings. The 
strut shear reinforcement was closed and No. 2 stirrups set at various 
spacings. The strut flexural reinforcement was provided by supp lemen- 
tary longitudinal reinforcement at four levels in the cross-section, 


at the top and bottom of the top and bottom struts, and consisted of 
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Straight No. 2, 3, 4, or 5 bars. Several aspects of the beam geometry 
were varied in these tests. The horizontal dimension of the holes 
varied from 12 to 26 inches while that of the posts varied from 8 to 

12 inches. Twenty-seven of the beams had rectangular holes and vertical 
posts. The other three beams had parallelogram shaped holes and in- 
clined posts. The clear span length was reduced from 20 to 16 feet to 
facilitate casting. Five different symmetrical loadings were used. 

One was a /-point load while the remaining were 2-point loads with 4, 
5, 6, or 7 foot shear spans. The flexural capacity was varied by using 
four or five 7-wire, 3/8 inch, stress relieved, 250 K prestressing 
strands as primary flexural reinforcement. These tests resulted in 

10 flexural failures, 9 post shear failures, 5 strut shear failures, 


and 6%strut flexural failures. 


6.2 Conclusions 


The following conclusions are based on the results of this 
investigation. 

1. Beams with large web openings can be designed to resist large 
shear forces and to fail in flexure. 

2. Beams with large holes require extra reinforcement in the region 
around the holes particularly in regions of shear. 

3. Large holes in the pure moment region do not affect the strength 
but reduce the stiffness of a beam. Extremely long holes should 
be checked for stability. 

4, Adequately reinforced beams with large web openings behaved as 


typical under reinforced prestressed concrete T-beams with a linear 
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moment deflection curve to the flexural cracking load and large 
deflections and closely spaced flexural cracks at the ultimate load. 
Beams with large holes are not as stiff as beams without holes. 

The flexural capacity was conservatively predicted with an error 

of less than 16 percent using the approximate formula in the ACI 
Code (1) for the stress in the prestressing strand at design load. 
Strain compatibility analysis was more accurate in that rupture of 
the prestressing strand could be predicted. 

Beams with large transverse holes in the webs exhibit Vierendeel 
truss behaviour. 

The shear on a section through a hole is distributed in some changing 
ratio to the top and bottom struts. When the applied moment is 
small, the bottom strut carries a large portion of the shear. As the 
moment increases, the proportion of shear carried by the bottom strut 
reduces. In this series, satisfactory design was accomplished 
assuming the shear was proportioned by shear areas which included 
the contribution of the flange and chamfer to the shear area of the 
top strut. 

The struts, where shear is present, are subject to bending moments 
which result from the strut shear acting at a point of inflection. 
Assuming this inflection point is at the strut centerline is an 
accurate assumption for the bottom strut which is essentially sym- 
metrical. However, for the top strut which is neither symmetrical 
nor symmetrically reinforced, this assumption is conservative. This 
is because the flexural capacity at each end of the strut is dif- 
ferent and the point of inflection moves away from the end with the 


higher capacity so that both ends fail near the same load (which is 
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higher than that predicted using the smaller capacity with the 

inflection point at the strut centerline). 

A definition of a large web opening is not practical and the effect 

of all web openings (except small pipe sleeves) should be checked 

for each application particularly where shear is present or possible. 

Posts in beams with multiple openings where shear is present are 

subjected to a horizontal shear resulting from change in moments 

between the centerlines of the holes to either side, moments due 

to the horizontal shear and changes of the moments in the struts, 

and an axial load due to directly applied loads and changes in strut 

shear. 

The horizontal shear produced extremely large shear stresses on the 

horizontal cross-section of the posts; as high as 1245 psi on some of 

the posts of this series. 

Post reinforcement had the greatest influence on the post shear 

capacity: 

a) Increasing the total area of vertical double-legged stirrups 
increased the post's ability to resist the applied forces. The 
axial load on vertical post stirrups was less than 1.56 times 
the horizontal shear. 

b) Inclining the post reinforcement at 45° increased the post 
capacity compared to the same area of vertical stirrups. The 
axial force on the inclined stirrups was less than 1.10 times 
the horizontal shear. 

c) Adding horizontal stirrups to vertical post stirrups increased 


the post's capacity and reduced the strain in the vertical 
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stirrups. The axial loads on the vertical and horizontal 
stirrups were less than 1.24 and 0.99 times the horizontal 
shear. 
Increasing the horizontal dimension of a post increased the post's 
capacity and the post cracking load. 
The horizontal shear increases with hole spacing; however, from 
these tests the strain in the post reinforcement was higher only 
near the ultimate load. 
Increasing the axial load on a post by application of load directly 
above a post increased the capacity of the post. 
Decreasing the axial load on a post by reducing the shear capacity 
of the bottom strut reduced the capacity of the post. 
The moments on the posts of the beams of this series were adequately 
resisted by distribution of the shear reinforcement over the hori- 
zontal dimension of the post. 
The struts above and below a hole where shear is present are sub- 
jected to shear flexure and axial loads. 
The distribution of the shear to the top and bottom struts is critical. 
No strut shear failures occurred in beams in which the shear was pro- 
portioned by shear area including the contribution of the flange 
and chamfers and reinforced accordingly. 
The shear is critical in the beams of the proportion used in this 
series through a hole where the beam moment is largest. 
The concrete in struts without strut shear reinforcement can resist 


considerable shear. 


Strut shear reinforcement has a major effect on the strut shear capa- 


hack mn th . D3 mt . a v sh " i 
aaa) pe 


o 7 i : 


ala 


Aeanost ror ban Laoksaav iodd nen 
Igsnoeizod of} eemty 20.0 bns Aft on 


q ey 
. . 


e'geoq oft beessiomk Je0q 5 - 20 A 


mort ,2evewod igokosqe sfo. i Jim 
| sng as ob ate ody e3n93 oporld 
 abpet stemtaiy oft sben 
t 26 nokass ttgae yo Senals no beet lake oid gatessroal ar at 1 
.geoq a3 to ytiosqsd adit boeassont 3809 s evods vi ; 
$i} gitoubss yd 3eng)s no beol fatxe sda gekaceentl: an 
sq sit Yo ihesabo: ena henohet Ju7d8 wo330d wild FO wal” i 
nse ‘ads Fo anraad $3 to ayeog ‘aa go ejasmom odT at 
styed edd 4Svo Snes sotdies, Tene eds Fo noksydiiserb yd beserees a 
|  deog att 20 polsnamth Issaos - oF 


averw ated s woled bas evods esorse ott 
vabaol tance panama sods 03 Bas30t is 
[eotjits sf atu1ae mottod bas qos sit of sana) Jo motsuditsekh ofl 


-o1g @8W sone Sts tiotiw at ented we bayiuose: pondl its? - 
sgnalt ads Io notiedivsapo eds aitthutoms » este taal ¢ 


vino terlgid eew 4qersoaotal 
yitost#b bso 
yIiseqao tesde 


visdsupsbs ots. 


~dye ste insasxg eh teode 


“4 — 


ae ae 
i re eS _ any 
aida ak bse nobrxoqorq aH3'2o smesd ma got. ‘ pees ot 


cihaal 9 ark 


yebuat oBd insta tn Li sete jase yA 3.ty pctv 
Li an T Si ¢ 
= A ek a 


at f 


f 


¥ 
AD gl 


af . 0 
ay 4 
a 

, 


24. 


Zoi 


ZON 


BLT 


28. 


29. 


30. 


Si 


32. 


33. 


ao iW 


city. Adding strut stirrups to the struts increased the ability 

of the struts to resist shear. 

Decreasing the spacing of the strut stirrups increased the strut's 
ability to resist shear. 

Inclining the strut stirrups at 45° slightly reduced the strain in 
the strut stirrups. 

The critical shear crack in the top strut was a web shear crack at 
about. the centerline of the opening. 

Inclination of the post stirrups increased the top strut shear capa- 
city. 

As the hole length was increased, the strut shear capacity was 
reduced. 

Increasing the flexural capacity of the beam by increasing the 
number of prestressing strands slightly increased the shear capacity 
of the bottom struts by reducing the axial tension acting on the 
bottom struts. 

The supplementary longitudinal reinforcement had a great influence 
on the strut flexural capacity. 

The major factors affecting the strut moments are distribution of 
shear to the struts, location of the inflection points, and the 
hole length. 

Increasing the area of supplementary longitudinal reinforcement 
increased the strut flexural capacity. 

Anchorage of the strut flexural reinforcement is a problem in beams 


subjected to large shears which have holes and posts with small 


horizontal dimensions. 
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34. The solid shear spans of beams with large web openings can be de- 
signed in the usual manner as long as extra stirrups (to carry the 
entire shear on the section) are placed beside the first hole. 

35. All the beams of this series had shear cracks in the shear spans 
before flexural cracking in the pure moment region. However, for 
less shear sensitive beams, no such problem would exist. 

36. The cracks which occurred before flexural cracking did not in- 
fluence the beam behaviour up to the service load. 

37. The deflections of the beams of this series at a moment of 720 in- 
kips were between 1.10 and 1.79 times the theoretical deflections 
calculated using the moment of inertia of the gross concrete section 
and the test value of the modulus of elasticity for the concrete. 

38. The ratio of the actual to theoretical deflection is larger for 
beams with: (i) longer holes, (ii) shorter clear spans, (iii) 
shorter shear spans, and (iv) the shear capacity of the bottom strut 
reduced. 

39. The ratio of the actual to theoretical deflection is decreased by 


reducing the number of holes (as was done in beam 24-16-6). 


6.3 Recommendations 


6.3.1 Design Procedure 


1. Design for flexure using ACI Code (1) approximate formulas or strain 
compatibility. 


2. Design solid shear span in usual manner using ACI Code (1) formulas 
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and placing extra stirrups beside the first hole to carry the total 
shear on the section. 

Assume the beam in the region of a hole behaves as a Vierendeel 
truss. 

Assume the shear is proportioned to the top and bottom struts in 
proportion to their respective shear areas. 

Assume points of inflection in the struts are located at the center- 
dine ‘of [the strut Jength. 

The axial load on the struts due to the applied loads is equal to 
the bending moment at the centerline of a hole divided by the dis- 
tance between the primary tension reinforcement and the centroid 

Ol -the top strut. 

Design the struts for these forces using the ACI Code procedures 
for shear and axial load, and the strut interaction fees to check 
the strut flexural and axial load capacity. 

Design the posts to resist the horizontal shear due to the change 

in the strut axial loads on either side of the post. This can be 
accomplished using the required area of reinforcement as suggested 
from the tests of this series for the various arrangements and 


distributing it evenly across the post. 


6.3.2 Further Investigation 


Investigate the behaviour of struts subjected to transverse loading. 
Investigate the behaviour of struts long enough to buckle. 
Investigate and develop a relationship for the distribution of shear 


to the top and bottom struts which should include (i) shear area, 
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(ii) applied shear and (iii) the ratio of the applied to ultimate 


moment. 

Further investigation in post behaviour in relation to deep beam 
action. 

Investigate the use of the prestressing strands to reinforce the 
bottom strut against strut moments where the strand is not required 
to resist beam moments, i.e., near the supports in a simply supported 
beam. This is normally a poor location for a hole, however, it 

might lead to more efficient use of the prestressing strand. 
Investigate the effective hole length to be used in calculating 


strut moments for hole shapes other than rectangular. 
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APPENDIX - A 


A.l Materials 


1. Cement 


Type III, high-early strength, portland cement: was used in all 


mixes. 


Dis Aggregate 


Two aggregates were used in each mix; a fine sand and a coarse 
aggregate. The sand was a well graded fine sand with a fineness modulus 
of 2.53. The coarse aggregate was 3/8 inch pea gravel. Both of these 
aggregates were used in several previous investigations and always gave 


satisfactory results. 


3. Concrete Mix 
A satisfactory mix had been developed in the laboratory using 
these materials. This mix was used in this series. The proportions 


used were as follows: 


CEMENER Zh sokuek sean jeer e ts O 
DAWG arelereess eres afeketsnars ones tee 
Goarse ageresatews, .ssen-s L260 
Wate ie senses scerers slats oversees) CO dO c= Uso: 


The proportion of water added was varied to give a constant water/cement 
ratio accounting for slight variations in the moisture content of the 
aggregate. The slump was maintained between 3 and 4 inches to facili- 


tate compaction of the concrete around the congested reinforcement in 


the posts and below the voids. 


Three batches were required for each beam with a 20 foot clear 


span while only two were required for each beam with a 16 foot clear 
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span. For each batch, three 6 by 12 inch cylinders were cast and sub- 
jected to the same curing as the beams and were tested at the time of 
the beam tests. Two cylinders from each batch were tested in compres-— 
Sion and the third was used to determine the tensile splitting strength. 
The average compression strength was 5554 psi and varied from 6348 to 
4991. The average splitting strength was 410 psi and varied from 301 
to 548 psi. The modulus of elasticity was calculated from the load 

and deformation over an 8 inch gage length for ten of the cylinders 
used in the compressive strength tests for five beams. The average 
elastic modulus was 3.26 x a0e psi. ASTM specifications were followed 
in the sampling, molding and testing of the concrete. Table A.1 pre- 
sents the age at testing the average compressive strength and the 


average splitting tensile strength of the concrete used in each beam. 


4, Prestressing Strand 


The prestressing strand used in the test beams was 250 K 
grade, 7-wire, stress relieved strand, with a nominal diameter of 3/8 
inch and complied with ASTM A-416 specifications. The load-strain 
curve for this strand was obtained from the manufacturer's test and is 
duplicated in Figure A.l. The shape of the load-strain curve was 
confirmed by a test up to 80 percent of the ultimate tensile strength. 
The strain gages used in this test were mounted as they were in the 
test beams, that is, on one of the six curved wires of the /-wire 
strand, and oriented along the axis of that wire at approximately 
8°30' from the long axis of the strand. Above a load of 80 percent 


of the ultimate tensile strength the teeth on the conical wedge grips 
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TABLE A.1 SUMMARY OF CONCRETE STRENGTHS 


Modulus of 
Elasticity 
(x 10° psi) 


Avg. Cylinder Avg. Splitting Age at Test 


Beam No. : 
Strength (psi) Strength (psi) (Days) 


1-16-6 
2-16-4 
3-16-6 
4-16-6 
5-16-4 
6-16-6 
7-16-6 
8-16-7L 
9=15=71L 
10-16-6 
11-16-4-P 
12-16-6-P 
13-16-6-P 
14-12-6 
15-12-6 
16-12-6 
17-16-4 
18-16-4 
19-16-6 
20-26-5 
Zi=26-—5 
22=26-5 
23-16-4 
24-16-6 
25-16-6 
26-21-7 
27-16-4 
28-16-4 
29-12-6 
30-21-7 


; ae 8 

= o 7 = ‘a 
- - Lf - 
- 

: ss 

ik. ‘ 
- ef : 
- 2 - 


58 


a8 
: 


(ae) 
“we 
= 


oe » 


+i, ge 


LOAD (kips) 


2] 


18 


15 


12 


3,000 


FIGURE A.1. 
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tended to bite into the wires sufficiently to cause failure of one 


wire. 
5. Shear Reinforcement 


The main web reinforcement used in the solid shear spans 
and posts were fabricated from No. 2 or 3 bars. These stirrups made 
of No. 2 bars were bent to the required shape in the laboratory while 
the No. 3 stirrups were bent by the steel supplier. The strut 
stirrups were formed from No. 2 bars in the laboratory. The hori- 
zontal stirrups in the posts were fabricated in the laboratory from 
straight No. 2 or No. 3 bars and welded closed to reduce the number 
of bends required and slightly relieve the congestion in the posts. 
The idealized stress strain curves and properties given in Figure 
A.2 are the result of tests conducted in the Baldwin testing machine 
on three specimens of each group. The No. 3 main stirrups had the 
properties of the No. 3 bar in Figure A.2 while the No. 3 bar used in 
the horizontal post stirrups had the same properties as the No. 3 
supplementary longitudinal reinforcement as shown in Figure A.3. The 
No. 2 bar used in beams 1-16-6 to 22-26-5 inclusive is designated in 
Figure A.2 as "No. 2a'' while the No. 2 bar used in beams 23-16-4 to 


30-21-7 is designated in Figure A.2 as "No. 2b". 


6. Supplementary Longitudinal Reinforcement 


The supplementary longitudinal reinforcement consisted of 
No. 2, 3, 4 and 5 bars. The idealized load-strain curves and the 


properties of the No. 3, 4 and 5 bars are found in Figure A.3. The 
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FIGURE A.2. Load-Strain Curves and Properties of Shear Reinforcement 
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No. 2 bars used were from the same lots as the No. 2 bar shear rein- 
forcement and the load-strain curves and properties are found in 


Figure A.2. 


Nee ee babi cataon 
1. Form Work 


Thirty feet of steel forms with 1/2 inch plywood liners were 
used to cast 1 beam with a 20 foot clear span and two beams with 16 
foot clear spans were cast in tandem using 40 feet of forms. The forms 
were fabricated in ten sections of 1/8 inch mild steel plate, stiffened 
along the edges, with 2 1/2 by 1 1/2 by 3/16 inch angles and transverse- 
ly ‘by 1 93/4 by 1°1/4 by 1/8 inch angles at 2 feet on center. Each half 
of the section was bolted at 2 foot centers to a 4 by 1 5/8 by 3/16 inch 
channel which formed the bottom surface of the stem. The web openings 
were formed with styrofoam blocks cut to the desired shape and held in 
place within the form by conical void anchors. The conical void 
anchors were 1 1/2 inch high and had a diameter which tapered from 
3 3/16 to 2 7/8 inches and were attached to the plywood liners with 
wood screws. The conical void anchors mated with 3 inch holes drilled 
in the styrofoam. This method of forming and anchoring the voids 
worked well and made changing the size, shape and spacing of the voids 
easy. The 1/2 inch plywood liners were attached to the steel forms 
with 1/8 inch bolts. The bolt heads were set into the wood and puttied 
over with auto-body putty. The liner was then painted with a plastic 


surface coating which gave the liner great durability and resulted in 
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an excellent finish on the concrete. The forms sat on 4 by 4 by 1/4 
inch hollow structural steel tubes and were held in lateral position 
by turnbuckles attached to the top and bottom of the forms at 10 foot 
intervals. The end view of a form section is shown in Figure A.4 and 


photos of the forms are presented in Figure A.5. 


2a Prestressing 


The tensioning of the prestressing strands was completed on 
the stressing bed which consisted of two steel and reinforced concrete 
abutments which were anchored to the test bed and resisted the tension 
in the prestressed strands. The prefabricated cages of supplementary 
longitudinal and shear reinforcement, tack welded together with the 
strain gages in place and waterproofed, were set into the form with one 
side removed for accessibility. The prestressing strands were then 
threaded through anchor plates, the abutments and the cages. At one 
end, dynamometers were slipped on to each cable before the conical 


wedge grips used to anchor the cables were set into place. 


Each strand was tensioned individually using a simplex center- 
hole jack operated by an electric Blackhawk pump. The load was measured 
by the dynamometer and checked using the pump line pressure. When the 
correct tension in each strand was reached, the conical wedge grip 
located between the jack and the anchor plate was pushed snug against 
the anchor plate and the jack was released. After the prestressing was 
completed, gages were mounted on the prestressing strands and water- 
proofed, the voids were set in place, the form sections were set in 


place and positioned bolted and aligned, and were now ready for casting. 
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Styrafoam Void 
Void Anchor Cone 
¥%"" Plywood Liner 
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FIGURE A.4. Typical Form Cross Section 
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FIGURE A.5 FORMS WITH ONE SIZE REMOVED 
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Si Casting and Curing 


The concrete was mixed in the laboratory's vertical drum, 8 
cu.ft., mixer. The concrete was shovelled into the form and compacted 
using an immersion type vibrator. Three 6 by 12 inch test cylinders 
were cast from each batch. Twenty-four hours after casting, the side 
forms were stripped and the beam and the test cylinders were covered 
with wet burlap and a polyethylene tarp to prevent evaporation. The 
moist curing was continued until the prestressing strands were cut. 
After release of the strands the beam and test cylinders were stored 


in the laboratory atmosphere until they were tested. 
4. Release of Prestress 


The prestressing force was released to the beams five days 
after casting. The prestressing force was released by slowly applying 
-heat using an oxyacetylene torch to the strands between the abutments 
and the beam. The fracture was gentle, indicating that a uniform 


transfer of prestress had resulted. 


A.3 Prestress Losses 


A complete set of Demec strain gage readings were taken at 
the beam centerline immediately before and after release of the pre- 
stress and at the beginning of each test. These readings were used 
to calculate the loss of strain in the prestressing strand. From these 
strains, the initial prestress force (measured just prior to release) 


and the modulus of elasticity of the prestressing strand, the prestress 
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losses were calculated. The initial prestress force, the effective pre- 
stress force and the total losses are listed in Table A.2. These 
“total losses" include elastic, creep and shrinkage losses of the con- 
crete and approximately 20% of relaxation losses of the prestressing 
strands. However, the “total losses" do not include losses which 
occurred during the prestressing operation and between prestressing and 
release of the prestress, that is, losses due to slip of the anchors, 
release of the jack and approximately 80% of the relaxation of the 


prestressing strand. 


Aw4 Loading Apparatus 


The symmetrical two and seven-point loadings used in this 
series were applied with loading harnesses. Each harness consisted of 
two 4 by 4 by 1/4 inch hollow structural steel tubes and two 3/4 inch 


high strength steel rods 8 feet long. 


One of the tubes rested transversely across the flange of the 
beam and the other was suspended below the test floor on the steel 
rods. The jacks were mounted on the lower tube, the test floor pro- 
vided the reaction to the jacking force. A typical cross-section of 
this loading setup is shown in Figure A.6. Seven 10 ton hydraulic 
jacks were used to apply the seven-point loads. The two-point loads 
were applied by two 30 or 50 ton hydraulic jacks. For beams with 5, 

6 or 7 foot shear spans, two 30 ton jacks were used. For beams with 
4 foot shear spans up to and including beam 11-16-4-P, the 30 ton jacks 


were also used. However, for the remaining beams with 4 foot shear 
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TABLE A.2 SUMMARY OF PRESTRESS LOSSES 


Nowe cf Initial Total Effective 
Prestress Losses Prestress 
(kips) (% of PY) (kips) 


Strands 
1-16-6 
2-16-4 
3-16-6 
4-16-6 
5-16-4 
6-16-6 
i=20—6 
8-16-7L 
9-16-7L 
10-16-6 
11-16-4-P 
12-16-6-P 
13-16-6-P 
14-12-6 
15-12-6 
16-12-6 
17-16-4 
18-16-4 
19-16-6 
20-26-5 
21-26-5 
22-26-5 
23-16-4 
24-16-6 
25-16-6 
26-21-7 
27-16-4 
28-16-4 
29-12-6 
30-21-7 
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FIGURE A.5. Typical Cross Section of the Loading Setup 
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Spans, two 50 ton rams were used. The hydraulic pressure to the jacks 
was provided by an Amsler pendulum dynamometer which pumped oil through 


a manifold then through separate lines to each jack. 


Point loading on the longitudinal centerline of the beam was 
achieved using 5 by 6 by 1 inch steel bearing plates below each of 
the hollow structural steel tubes. Plaster of Paris was used to hold 
the bearing plates in position and provide an even bearing surface. 
Both beam supports were hinged to permit rotation. One of the supports 
was longitudinally fixed and the other was mounted on rollers to permit 


simple beam action. 
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TABLE Be ied ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 1-16-6 


Ine. Load Strain Gage Number 
No. per Se 
1 -148 0) 0 0) 0) ) 0 0 0) 0 
2 1 25 20 20 10 - 5 0 ) 0 
3 2 60 50 40 25 -10 0 5 0 
4 3 95 85 65 40 -10 10 0) 5 0 
5 4 130 120 90 50 -15 25 0 10 = 
6 5 170 155 120 65 -15 35 0 5 =) 
7 6 210 190 150 80 -15 35 0 ) =5 
8 7 250 225 180 100 -15 45 25 0 = 5 
9 os 270 245 195 105 =15 50 45 - 5 -10 
10 8.0 290 260 210 110 -15 55 TAG - 5 -10 
11 8.5 235 120 -15 75 200 -10 -16 
12 9.0 265 135 -10 115 285 -10 ey 
13 9.5 310 150 - 5 1140 320 -15 -15 
14 10 325 160 0 1225 330 -15 -20 
16 5h 585 190 30 1400 395 -15 -20 
18 12 830 210 45 1525 460 0) -25 
19 13 1130 245 50 1640 525 25 -39 
20 14 1385 410 55 1785 650 90 -40 
21 15 1580 565 60 1900 755 180 -45 
22 1525 
23 
ace Strain Gage Number 
He wv | 4. 22 
1 0) ) 0 0 
2 ~10 -5 -10 - 5 
3 -15 -10 ~15 -5 
4 -25 -10 -25 -10 
5 -35 -20 -40 -15 
6 ~45 -25 -55 -20 
7 -55 -30 -70 -20 
8 -65 =35 -85 -25 
9 -75 ~40 -90 -25 
10 -85 -40 -100 -30 
11 -95 =35 -110 -30 
12 -100 -30 -120 -30 
13 -90 - 5 -120 -35 
WA -90 5 -125 -40 
16 -50 125 -90 =35 
18 fh 225 -~60 -65 
19 -30 Sid) 23) -40 
20 -20 455 45 85 
21 -5 535 75 150 
22 
23 
24 
25 
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TABLE B.1.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTION 


(1) Before Release ; (ii) After Release ; (-) Tension 


Deflection (in) 


North 
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TABLE 1B. 2/52 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTION 


(i) Before Release ; (ii) After Release ; 


(-) Tension 
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TABLE 6.3.1 


ELECTRICAL STRALN GAGE MEASUREMENTS (MLCRO INCHES PER INCH) 


BEAM NO 


25 

65 

80 

95 
115 
125 
150 
160 
165 
170 
WS 
180 
185 
185 
200 
210 
260 


- 3-16-6 


Strain Gage Number 


= 5 10 
-10 50 
-15 60 
=-15 80 
-20 110 
=15 760 
= 9 920 
0 1040 
10 1130 
20 1220 
39 1285 
45 1350 
55 1410 
70 1470 
95 1610 
700 1730 
760 2030 


Strain Gage Number 
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15 15 10 
45 35 10 
55 50 5 
65 90 5 
80 90 5 
240 85 5 
365 90 5 
485 90 5 
560 100 5 
610 JONG 5 
660 130 0 
720 150 0 
775 170 0 
865 200 0 
1080 B15 20 
1230 SY[5) 25 
1410 570 90 
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TABLE: B23 52 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTION 


Strain (micro in/in) 


(i) Before Release ; (ii) After Release ; (-) Tension 


Ine. Load Deflection (in) 
(Kips) | worth | € | south 
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TABLE B.4.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 4-16-6 


Inc. Load Strain Gage Number 
No per 
0) 0) 0 0 0 0 0 0 0 
20 15 10 0 0 0 0) 
50 40 25 0 10 ) 10 
80 60 40 20 0 20 0 15 
110 90 65 35 ) 30 0 25 
130 100 75 40 0 35 0 25 
150 115 90 50 = & 45 0 25 
165 135 100 66 ens 70 0 30 
190 160 120 75 -20 80 0 30 
200 195 135 110 =25 85 0 30 | 
220 230 185 770 -35 140 -5 30 
240 300 215 850 -40 160 -5 40 
255 380 240 920 -40 280 = 5 45 
315 685 345 1120 -55 245 -10 60 | 
420 970 485 1260 -70 345 -10 85 
640 1180 610 1320 -80 420 -10 110 
1065 1460 770 1390 -85 540 -10 150 
1195 2200 2380 =135 730 515 120 
1395 2650 2780 =135 790 480 105 
1550 3175 3400 | 910 
hie eS ee EN ee a es oe - —— 
the Load Strain Gage Number n4 
No as 
5 Jac 14 
1 0 
3 ) 
5 0 
7 0 
9 ) 
10 0) 
11 ) 
12 0 
13 ) 
14 0) 
15 5 
16 5 
ig 5 
19 10 
21 10 
22 20 
23 25 
24 80 
25 85 
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TABLE B.4.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTION 


(i) Before Release ; (ii) After Release ; (-) Tension 


Deflection (in) 
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TABLE B.5.2 


CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


Strain (in/in = 10°) 


(i) Before Release; (ii) After Release ; (-) Tension 


Deflection (in) 


North | € | South | 
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TABLE B.6.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 6-16-6 


Ince Load Strain Gage Number 
No per 
0 0 
2 20 
3 45 75 
4 90 180 
5 460 300 
6 490 325 
7 540 325 
8 620 370 
9 670 450 
10 710 530 
il 750 580 
12 805 660 
13 855 730 
15 935 830 
16 1010 940 
17 1125 1120 
18 1170 1250 
19 1265 1490 
20 1375 1650 


Strain Gage Number 
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MU 0 0 

2 0 -10 

3 0 -20 

4 0 -30 

5 0 =35 

6 0 =35 

7 0 -40 

8 0) -45 

Y) 0 =50 

10 0 =15)3) 
12 0 -60 
12 0 -70 
13 5 -50 
15 0 =D 
16 45 
17 180 
18 390 
19 505 
550 


Nm HN 
ee © 


mpsnmiier 
andi 94a hha 


a ans ieee aa 


= bed 


nell 


290. 


He pH 


1 
z 
3 
L 
5 
6 
7 
8 
9 


(i) Before Release; (ii) After Release ; (-) Tension 
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TABLE B.7.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 7-16-6 


Inc. Strain Gage Number 
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TABLE B72 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 
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TABLE B.8.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PEP. INCH) 


BEAM NO. 8-16-7L 


Load 


Inc. Strain Gege Numbers 
No per 
1 0.120 0 0 0 0 0 
2 .25 0 0 0 0 
3 5 15 =5 0 10 0 
4 as 25 5 ) 15 5 
5 1.0 30 eos 0 25 5 
6 25; 45 ) 10 40 10 
7 1S 60 10 30 65 20 
8 1.75 70 15 45 60 35 
9 2.0 80 25 60 55 55 
10 2.25 90 35 75 95 60 
11 250 100 40 | 110 155 60 
12 DTS 110 45 880 235 75 
13 3.0 120 50 975 260 75 
15 B55 130 80 1180 350 70 
17 4.0 145 1045 1380 440 80 
19 4.5 175 1190 1530 610 110 
21 5.0 370 1340 1750 795 170 
22 5.25 400 1405 1845 875 180 
23 Seo 490 1480 1940 1010 220 
24 Bois 600 1540 2025 1090 275 
Load Gage Numbers 
per ————— 
Jack 18 21 
0.120 0 i) ) 
n25 -5 0 0 
553 -10 10 0 
75 -15 25 0 
1.0 -15 40 0) 
e25 -20 60 0 
iS) ~25 50 ) 
a5) =25 40 ) 
2.0 -30 35 0) 
25 -30 25 0 
2.50 -30 20 0 
2.75 - 5 15 5 
3.0 20 15 5 
08 30 20 5 
4.0 80 30 5 
4.5 140 60 5 
550. 210 205 25 
Gi 83 225 305 35 
35 235 420 60 
250 475 75 
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TABLE B.8.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 
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(i) Before Release; (ii) After Release; (-) Tension 
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TABLE B.9.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 9-16-7L 


Load Strain Gage Numbers 


Inc. 
No. 
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TABLE B.9.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 
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(i) Before Release; (ii)PAtter Release: (=) Tension 


Deflection (in) 
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TABLE B.10.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 10-16-6 


Inc. Load Strain Gage Numbers 

No per 

1 2148 0 0 ) 0 0 0 0) 0) ) 
2 2 50 50 35 25 -10 10 20 0) 10 
3 4 115 115 80 55 ~25 5 60 - 5 50 
4 6 185 190 135 85 -40 55 95 -10 125 
5 7 220 225 160 95 -40 80 90 - 5 USO 
6 8 250 260 195 110 -40 100 80 = 5 160 
7 9 310 320 255 120 -40 225 75 - 5 205 
8 10 410 390 375 130 ~30 300 75 o 260 
9 11 1040 1350 460 140 -25 410 70 10 410 
10 319) 1400 1580 580 70 15 450 
ll 13 1810 1790 950 85 30 540 
12 1305 2095 2065 1040 90 35 585 
13 14 2410 2400 1135 100 40 650 
15 15 2970 3150 1260 130 65 ies 
17 16 4240 4375 1420 185 140 860 
19 17 6020 6920 1660 240 435 955 
21 18 7115 9275 1850 250 565 1030 
23 19 10000 13300 2035 290 690 1190 
25 20 18250 4190 335 830 1340 
30 20.5 
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TABLE B.10,2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Ine* Load Deflection (in) 
(kips) | North 
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TABLE B.11.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PES INCH) 


BEAM NO. 11-16-4-P 


Strain Gage Numbers 


0 0 0 0 .¢) 0 0 


1 0) 0) 
2 40 40 40 10 35 10 0 
3 90 90 90 20 90 25 10 0 20 
4 140 140 145 30 165 40 20 -5 30 
5 185 185 200 50 350 50 30 0) 40 
6 220 220 235 60 440 60 35 5 SObaas 
7 245 245 270 70 490 70 40 5 55 
8 275 275 320 90 550 80 45 5 65 
9 305 305 365 115 595 85 50 10 70 
10 335 335 415 130 650 95 60 10 90 
ial 370 370 525 165 750 110 70 20 110 
12 415 410 610 180 820 135 85 25 125 
13 485 480 785 225 910 190 110 35 165 
14 865 650 980 270 1030 335 175 60 210 
15 1520 1150 1255 320 1225 640 380 80 305 
16 2120 1630 1580 345 1545 1160 1065 405 
18 2770 2365 1910 370 1795 1380 1300 560 
20 3630 3355 2270 420 1945 1690 1580 700 
2060 2020 1875 895 
2000 


Strain Gage Numbers 


1 calls 0) 0 : 
2 2 10 20 
3 4 20 50 
4 6 25) 80 
5 8 45 110 
6 9 55 130 
7 10 60 140 
8 ll 70 170 
9 12 7/3) 195 
10 a} 95 230 
il 14 130 2715 
12 5 155 340 
13: 16 185 440 
14 18 265 625 
15 20 370 750 
16 22 520 910 
18 24 625 1055 
20 26 690 1185 
22 28 750 1470 
23 29 
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TABLED dle CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Inc. Load Deflection (in) 
(tps) | worth | € | south | 
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TABLE B.12.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO, 12-16-6-P 


Strain Gage Numbers 


i 0) 0 
2 10 0 
3 10 ft) 
4 15 0 
5 25 10 
6 35 10 
7 40 20 
8 60 25 
9 70 35 
10 | 90 bs 
11 110 60 
12 130 65 
13 185 80 
14 280 95 
15 620 160 


16 1090 
17 1215 
18 1395 
19 1550 
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TABLE B.12.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


Deflection (in) 
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TABLE B.13.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 13-16-6-P 


Inc. Strain Gage Numbers 


4 0 0 0 
2 55 35 
: 130 80 15 
- 215 135 35 
. 32 190 65 
: 435 235 235 
7 575 270 400 
. 770 320 600 
? 935 370 730 
10 1090 450 840 
11 1315 635 1035 
12 1475 735 1135 
13 1940 1055 1375 
14 2705 1470 1800 
15 3050 1620 1920 
16 3475 1855 2035 
17 3670 1875 2105 
18 4070 1935 2200 
19 
Ec. Strain Gage Numbers 
No. a 
1 0.15 0 0 0 6 
2 2 -40 5 10 
3 4 -255 10 5 20 
4 6 -370 10 0 30 
5 8 ~340 15 0 40 
6 9 -230 20 5 50 
7 10 -120 35 0 65 
8 ll -270 55 0 90 
9 12 ~305 75 0 135 
10 13 -320 100 0 190 
11 14 -320 150 5 250 
12 15 -325 190 10 290 
13 17 -340 295 25 370 
14 19 =15 330 30 410 
15 20 =rhllo 350 40 365 
16 21 600 425 60 390 
7 22 -430 460 80 415 
18 23 -240 485 95 460 
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TABLE Belo ne CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


Inc. Load Deflection (in) 
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TABLE B.14.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Load Deflection (in) 
(ips) | worth 


WOOnNKNDU LH WN EF 


my 


bre st pepe] BY 
SE eg ik fea 3 = ' 


a 


—_ . J. _ oe a . - : — . 
cokers? (<)  ponnataa sorte CEE) jeesoros sxolsé (1) | 


onmrmhnk 


7 # . 
-_ Te 
a ~ 2 4. 
7» a 
- A , 
k a 
= -_ . = 
> 


CT 
-ee04 
a) 7] 
ie 
hy 
Une 
: 


Shee 


weag 


9—-CL—PL wieag 10} suol}e9077 abed uless pue sj!8jaq JUaWadIOJUIaY 


‘pL’d AYNODIS 


SPUENS B/E -G 


ube 


is A ee 


Stequny e8e5 uteaqs 


9-cT-ST “ON WVAG 


(HONI Yd SHHONT OYOIN) SINAWAYNSVAN FOVO NIVYLS IVOIMLOFTa 


CSS ie a ata ya 


8 
th 
g 
S 
7 
e 
Cc 
iL 


ade 


TABLE 8.15.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 
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(i) Before Release; (ii) After Release; (-) Tension 
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Reinforcement Details and Strain Gage Locations for Beam 15—12—6 


FIGURE B.15. 
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TABLE £.16.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 16-12-6 


Inc. Strain Cage Numbers 
No per 
1 OLS 0 0 0 0 0 0 0 ra} 
2 2 >] 40 20 0 0 5 aS 0 10 
3 4 140 105 55 -10 10 25 45 5 20 
4 6 220 175 90 -10 40 60 80 10 20 
5 8 300 245 125 - 5 70 110 85 15 25 
6 ¢) 340 280 140 -5 75 105 75 15 25 
7 10 410 345 170 0 90 105 70 15 30 
8 Va 560 455 195 10 140 - 575 120 60 20 35 
9 a2 810 610 225 20 645 180 55 20 50 
10 13 1070 800 260 30 710 300 65 25 60 
11 14 1690 1090 310 50 760 925 95 30 75 
2 a5 2055 1280 399 45 795 1075 140 40 90 
13 16 2620 1555 450 45 825 1210 240 60 1S 
14 17 3085 1735 545 45 850 1300 285 100 130 
15 18 3590 1950 770 45 875 1390 350 155 175 
Ly 20 5340 2735 970 40 870 1745 915 905 Zo) 
18 Zu 7300 3410 1075 40 895 2005 1725 1460 265 
19 22 12290 3920 1180 35 910 2270 1280 2320 305 
20 23 14000 4150 1155 25 930 3680 1365 7300 715 
ray} 24 14500 4435 1165 30 1680 1400 14500+ 850 
22 24 1360 
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TABLE B.16.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Load Deflection (in) 


(kips) North South 
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TABLE B.17.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 17-16-4 


Inc. Load Strain Gage Number 
No. Bee 
1 0.15 0 0 0 0 0 0 0 0 0) 
2 30 20 = 5) 10 10 0 = is) -10 
3| 4 80 45 =15 40 10 30 5 =i5 =30 
4 125 70 -30 80 20 90 5 =25 -45 
5) 170 100 =35 85 {59 125 10 =35 -60 
6 10 220 a35 -40 105 45 160 10 -50 -85 
7 12 275 170 -40 155 55 150 15 -60 -110 
3} 14 340 220 -40 200 55 130 20 -65 -155 
10 16 415 270 -20 485 900 150 25 -75 -150 
12 18 710 320 240 645 1070 160 30 -70 -12u 
14 20 1380 470 305 800 1260 2595 55 -70 -105 
¥5 21 1680 670 320 880 1350 B25 85 -60 -100 
16 22 1890 750 310 935 1415 355 100 -60 -100 
18 24 2450 1025 325 1155 1545 460 220 -40 -90 
20 26 3205 1290 365 1385 1680 555 400 -30 80 
21 27 3610 1470 370 1445 1750 555 495 -20 180 
22 28 4000 1670 370 1485 1820 540 655 -15 180 
23 29 4865 2160 360 1505 1950 480 885 0 230 
24 30 6100 2710 340 1475 2105 425 1045 70 210 
25 31 7800 0 1620 2270) 420 1275 210 200 
ie Strain Gage Number 
oa 31 32 
1 0 0 
2 -15 =35 
3 -30 -85 
4 = 55 -150 
5 -65 -205 
6 -180 -290 
7 -90 -380 
8 -80 -490 
10 -70 -635 
12 -40 -780 
14 30 =975 
15 70 -1650 
16 95 -2165 
18 150 -3475 
20 230 -4850 
21 290 -5800 
22 350 -7100 
23 415 -10100 
24 570 -18800 
865 -21400 
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TABLE B.17 <2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Load Deflection (in) 
(kips) | north 


) wotenst (-) ¢peasiel wesdA Gb 4 


ones 


* > @ @& = 


Qo, 
£0. 
20. >] - 
<0, a pa, |} uv 
OL. a Bah eel 
el. i ; a i) 
era 7 i Ce 
if a . - _ 
“eer 
i” ae, ., 
on 


ye 
oar 


=. 
te » 
ae = 


324. 


fy) 


v-9L—ZL weag 40) suoie907 abed uless pue sjlejaq JUuaWaDIOjUIAaY 


VC Fl WA ane) 


Gf |b Las CH Ras VW wGlL=S 


@ ||990@||e ee 


8 6e,| 
~ Xd) 


p< OS a 


Cl) @ me 61) ee 


W/LL=S ‘tH 


weag Ms d 80 


‘LL'@ AYNDIS 


ete sel Pek 


SspuENS .o/5 4 


0C 


ae 


b-St-Ni me9d x0t 2noissoot sped giste bns dlisted snemeaiainish NE.8 3AqudI9 7 


Bp ae le 


TABLE B.18.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 18-16-4 


Load Strain Gage Number 
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TABLE B.18.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


Wey) foe) SS) Tens (Wal E55 (68) ss) [a5 fb 


(i) Before Release; (ii) After Release; (-) Tension 


Load Deflection (in) 
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TABLE B.19.1 ELECTRICAL STRAIN GACE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 19-16-6 


Inc. Load Ss Strain Gage Number 
per 
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TABLE B.19.1 
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ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


170 
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600 
830 
1295 
1870 
22D) 
2440 


BEAM NO, 19-16-6 


Strain Gage Number 
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0 0 0 0 0 0 

-35 15 -15 ES = 

10 -90 40 -40 35 -20 

10 -150 100 -60 30 -30 

5 -200 160 -80 35 -40 

0 -270 285 -105 30 -40 

0 -310 390 -110 35 -40 

0 -340 500 -120 45 -35 

0 =370 610 -120 =)5) =35 

15 -590 780 -125 90 -20 

40 -445 1130 -120 290 40 

120 -460 1420 -120 455 100 

325 -540 1920 -105 615 200 

485 -400 2090 -70 630 300 

555 -350 2135 -20 610 355 

565 -340 2180 +30 585 435 
Strain Gage Number 

0 0 0 0 ie) 0 

75 45 a5 5 10 

190 10 110 129 15) 30 

330 20 180 220 10 250 

520 30 250 310 20 365 

870 (35) 350 485 30 475 

275) 25 425 610 40 545 

1500 20 535 700 45 590 

1750 10 755 835 50 630 

2065 0 985 1050 70 690 

2640 30 1375 1325) 100 820 

3110 210 1740 1600 140 945 

17000 445 2225 2195 255 1065 

22890 680 2805 2640 570 1250 

23800 800 3280 2945 700 1350 

770 1480 
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TABLE B.19.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Load Deflection (in) 
(Kips) | worth 
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TABLE B.20.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 20-26-5 


Inc. Strain Gage Number 
No. 

1 () 0 0 0 0 0 
2 25 15 ) 15 ) 
3 50 25 0 40 0 
4 80 45 ty) 90 - 5 
5 110 60 0 170 0 
7 0 370 20 
9 5 480 80 
680 275 
805 390 
945 435 
1060 470 
1220 530 
1315 570 
1440 640 
1540 695 
1670 760 
1845 850 
1950 920 
2080 1025 


Strain Gage Number 


0 0 

= 3 30 

-30 65 = 
-30 31S) =10 
-50 170 Ue) 
-100 390 -30 
-160 685 -40 
=225 1005 -60 
-250 1285 a5) 
=255 1465 -90 
-250 1680 =90 
-210 1920 -80 
-205 2110 -65 
-165 2375 -50 
-140 2660 15) 
=) 2840 45 
‘100 3010 55 
ZA 3090 90 
320 3060 185 
200 3050 250 
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TABLE B.20.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Load Deflection (in) 
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TABLE B.21.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 21-26-5 


Strain Gage Numbers 
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TABLE B.21.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Deflection (in) 
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TABLE B.22.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 22-206-5 


Strain Gage Number 


0 0 0 0 0 0 0 


1 el 0 0 
2 1 25 29 5 20 10 10 5 0 0 
3 2 50 30 5 40 5 30 10 0 -10 
4 3 85 50 5 100 5 60 10 -10 -20 
5 4 120 70 5 295 10 80 15 =1'5 =25 
6 5 150 85 5 440 20 85 15 -20 -40 
7 6 185 105 5 585 40 90 1S -30 -45 
8 7 220 130 5 675 >) 90 20 =35 =) 
9 8 250 145 10 760 100 85 20 -40 -70 
10 9 300 170 15 870 155 85 25 -45 -90 
12 iol 390 220 30 1170 230 90 30 -45 -80 
13 12 440 245 25 1295 7) 100 30 -55 -70 
14 13 495 270 90 1460 290 115 40 -60 -50 
15 14 830 330 135 1675 320 160 40 -50 -35 
16 15 1115 395, 165 1820 350 220 45 -40 = 5) 
17 17 1820 705 225 2040 420 430 60 -20 45 
18 uy) 2520 780 280 7250 570 640 75 60 305 
20 2800 940 300 14100 650 665 80 115 270 
3550 1480 305 785 655 80 230 290 

750 


Strain Gage Numbers 


0 0 0 0 (0) 0 0 


1 0 0 
2 5 30 
3 0 
4 0 
5 = 5 
6 -10 
7 -15 
8 -20 
9 -20 
10 =25 
12 ll -40 
13 12 -40 
14 13 -30 
15 14 30 
16 15 700 
17 17 1240 
18 19 1860 
19 20 2090 
20 21 2275 
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TABLE B.22.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 
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TABLE B.23.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 


190 
190 
235 
480 
540 
575 
655 
790 
940 
1135 
1320 
1435 
1490 
1540 
1600 


23-16-4 


Strain Gage Numbers 


0 0 

10 0 
25 c= ©) 
35 -10 
25 -10 
35 -10 
135 = 8 
870 35 
980 45 
1030 45 
1125 50 
1235 50 
1400 45 
1535 35 
1655 25 
1725 25 
1755 30 
1785 35 
STATI) 35 


Strain Gage Numbers 
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TABLE B.23.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Deflection (in) 
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TABLE B.24.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 24-16-6 


Strain Gage Number 


per 


0.15 0 0 0 0 0 0 
50 40 =) 10 0 0 
BUS 90 -20 25 0 0 
190 150 -30 25 0 5) 
255 200 =35 15 = 8) 5 
10 350 270 -40 10 =5 0 
GL 405 315 =35 15 => 5 
2 500 355 -25 25 = 6) 55 
13 800 385 -15 25 0 5 
14 1250 840 5 45 5 D 
15 1580 975 5 65 5 5 
16 2075 1165 35 115 5 5 
18 3000 1565 655 700 35 0 
20 4800 2025 535 790 45 0 
22 9500 2635 430 895 355 0 
23 3210 295 995 15 
24 3530 200 1040 7a 
Load Strain Gage Numbers 
per = 
Jack 28 34 35 a a 
0 
50 
120 
200 
280 
385 
475 
645 
1055 
1310 
1530 
1920 
2270 
3185 
3339 
5000 


10 
20 
45 


19 26 

0 0 
25) 15 
=15 30 
-25 45 
-30 oy) 
-50 80 
-55 130 
-65 200 
-70 300 
370 465 
485 595 
595 830 
715 1255 
820 1675 
885 2120 
915 2135 
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TABLE B.24.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Load Deflection (in) 
(Kips) | worth 
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TABLE B.25.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 25-16-6 


Strain Gage Numbers 
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TABLE B.25.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Load Deflection (in) 
(Kips) | north 


WOMmANADULWNE 


Ae ee me NET Ta 


(at) oobtoeligd 
dayoe. 


2 
00.0 


—— 


psensied sedis (it) yeensiet stoied (t) 


| dao 


ml nal . 7 Abe 7” ‘ia 


348. 


9—9L—GZ weag 10} suones07 abe ulens pue sjie1aq JUaWAaDIOjUIaY 


«¥/E OZ uc/L 9 


uGl 


‘G¢'8 AYNOIS 


u8/L 


SPUueNIS .8/E-G 


02 


a ee 


_ _ 


; Cee i 8 ve 
| Dui Suir’ a ieee a whieh 


- 


, 
ae See 
epee My TF sceieibeniee : 


i ae 
een 


ee eS 


2 a pei 


sis Gods PocsnoOue 4Ol Bes se-ie-e 


EIQGNHE BSS jpewgcrcenisus HEISH2 SUG ~@ 


a 


‘ 


pal 


349. 


TABLE B.26.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAN NO. 26-21-7 


Strain Gage Numbers 


Inc. 


1 0 0 0 0 0 0 0 0 
2 20 -10 S53) 0 10 = 5 -15 
3 55 -20 10 20 0 60 80 -30 
4 85 -25 245 10 5 145 95 -50 
5 120 -25 400 25 20 130 95 -80 
6 140 -20 335 135 30 130 165 -65 
7 155 -15 600 165 30 130 210 -20 
8 ab7/is) -10 680 270 25 115 230 80 
g) 195 -10 Us) 480 30 115 585 | 165 
215 -20 830 590 30 130 1040 | 225 | 
245 680 920 710 30 150 1390 305 
260 745 995 820 25 180 350 
290 810 1120 1010 25 260 395 | 
S05 845 1230 USS, 20 350 410 
545 870 1360 1280 35 410 430 
840 790 1650 1450 130 435 590 
950 620 1910 1690 280 490 
The ne Strain Gage Numbers 
Ne race 23 
1 15 0 
2 2 
3 4 
4 6 
5 8 
6 9 
7 10 
8 ll 
9 12 
10 13 
iat 14 
12 5 
13 16 
14 17, 
13) 18 
16 19 
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TABLE B.26.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Inc. Load Deflection (in) 
(kips) 


North | ¢ 
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TABLE B.27.1 ELECTRICAL STRAIN GACE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO. 27-16-4 


Inc. Load Strain Gage Number 
af 0 0 0 0 0 0 0 0 
2 60 35 => 15 10 0 5 30 
3 105 60 -25 20 20 = 5 3) 70 
4 150 85 =32 0 30 = § 0 90 
5 200 120 -40 25 25 - 5 2) 100 
6 250 160 -45 120 15 0 15 115 
7 310 220 ~30 190 20 0 35 150 
8 Se 450 0 500 815 35 120 74%) 
9 580 575 -15 610 1000 30 175 270 
10 1045 630 -10 680 TEES) ahs) 350 | 405 
Mal 1525 695 630 770 1240 40 455 530 
12 2085 790 695 865 1340 40 550 660 
13 2565 870 740 950 1435 40 630 Ue) 
14 3215 960 1020 1080 1565 45 680 850 
15 3972 1025 1085 1170 1665 50 715 875 
16 ~ 4730 AB USN) 1270 1280 1785 45 745 880 
7 5910 1225 1930 eZ 1910 40 775 895 
18 7600 7325 1380 2005 30 810 920 
ig 9150 1400 1400 2075 30 820 930 
20 1450 1395 2095 35 826 930 
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TABLEOB.27 <2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Load Deflection (in) 
(ktps) | worth | € | south | 
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TABLE B.28.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH) 


BEAM NO, 
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TABLE B.28.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


(i) Before Release; (ii) After Release; (-) Tension 


Inc. Load Deflection (in) 


(Kips) | worth South 
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TABLE 8.29.1 ELECTRICAL STRAIN GACE MEASUREMENTS (MICRO INCHES PER INCII) 


BEAM NO, 29-12-6 


Inc. Strain Gage Numbers 
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TABLE B.29.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


Strain!i(in/in x 107) 


(i) Before Release; (ii) After Release; (-) Tension 


Inc. Load Deflection (in) 
(Kips) | worth 
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TABLE B.30.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO LNCHES PER INCH) 


BEAM NO. 30-21-7 


Strain Gage Numbers 


5 at 
0 0) 0 (6) 0 0 


1 (0) 
2 0 20 
3 0 60 
4 10 745 
5 20 1025 
6 35 1160 
7 3 UPS) 
8 60 1415 
e) 65 1530 
10 685 1570 
1l 815 1730 
12 850 1885 
13 940 2015 
14 970 2180 
US) 970 2350 
2500 


Sn 


Strain Gage Number 


i 0 0 0 0 0 0 0 
2 10 -45 85 45 60 45 0) 
3 35 “115 230 130 140 135 10 
4 50 -220 495 300 230 410 540 
5 115 =320 850 490 360 595 750 
6 145 -385 1075 675 520 720 865 
7 175 -450 1250 825 650 820 960 
8 225 —5)5)0) 1465 1045 850 995 1080 
g 270 -605 1650 1190 980 1130 15) 
10 325 -685 1830 1390 1130 1270 i205 
11 410 -790 2005 1640 1340 1435 1345 
12 430 -870 2180 1805 1520 1580 1440 
13 250 -1010 2440 1980 1770 1855 MSS 
14 210 ~1100 2640 2030 1930 2030 1690 
15 170 =O 2810 2200 2075 2200 1850 
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(i) Before Re 


CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS 


lease; (ii) After Release; (-) Tension 


Tne. | Load Deflection (in) 
(ips) | worth | €& | south _| 
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APPENDIX - C 


DESIGN EXAMPLE AND NOTATION 


C.1 Design 


In the design example below, beam 26-21-7 is designed in detail 
following the design procedure outlined in Chapter 6. In the design 
of the other test beams, the same procedure was followed to varying 
degrees. The flexural design of the main section as outlined in the 
example was used for all of the test beams and is based on the ACI 318-71 
Code (1). The design of the reinforcement in the shear spans deviated 
in some cases from the procedure outlined in the example. For beams 
1-16-6 to 16-12-6, the selection of the shear reinforcement for the 
posts, struts and solid shear spans was based on; (i) calculations from 
the ACI 318-71 Code (1) with bd = 32 or 16 ae for the solid sections 
and the sections through the holes, respectively, (ii) the experience 
Of the author, and ‘“(iii) the results of the tests of LeBlanc and Sauve. 
The supplementary longitudinal reinforcement for these first 16 beams 
was selected on the basis of experience. For beams 17-16-4 to 30-21-/7, 
the design procedure used for each beam was similar to that in the 
example. There were, however, modifications in the design procedure 
and the selection of reinforcement. Modifications to the design consis- 
ted of changing the proportion of the shear carried by the struts above 
and below an opening. The reinforcement at various locations in the 
shear spans was altered to examine the effect of these changes on the 


beam behaviour. 
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C.2 


Design Example 
Beam 26-21-7 
2 
A = 114.25 in 
. 4 
= 4583 in 
|__| Ue = 5274 psi 
Sie az} ibe = 410 psi 
4 Teas 
f272 Stirvrups = 33.8 Ksi- 
16" NA y 
a #3 Stirrups = 52.2 ksi 
f #3 Long. = 51.4 ksi 
5 - 3/8" Strands f = 275.625 ksi 
te eat ae su : 
4° £4 = 178.08iksi 
| eee Pee ae pi 
i = 137.04 ksi 
se 3 
Bee= 26.9 x 10" ket 
ps 
AU = 5 x 0.038 
ps 2 
= 0.40 in 
Stresses in the concrete at transfer. 
AE LOD OVEL. SUDPOLLA | «sme wees 364 psi tension 
Ateeope atu mvd=sp atlases selec... 291 psi tension 
AG DOELOM ab mid=span © sis. cn. « 2204 psi compression 
Working load moment (based on flexural cracking). 
“g 
Moe A y oe a oe f fy) 
_ 4583 
A «G7 (4104-51794 + 126) 
= 752 in-k 
Ultimate flexural capacity (based on the ACI 318-71 Code equation 


for the stress in the prestressing strand and the Whittney stress 


block). 
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se 
= ae ' 2 
as ae (1 - 0.5 er am (ACI Equation 18-3) 
“ps 
as ee 0.00125 
thus =e = 266.60 ksi. Assuming the two No. 3 bars running the 


length of the beam at a depth of 3.50 inches yield in tension (this was 


checked and found to be true): 


a a 
Hh Celis 5 Gh eae [cca lk 


for a= TVO0res f 'b = £1431 inches and! so shi: 
M = 1669 in-k 
u 
The maximum load per jack to reach the flexural capacity is then: 


Se oe ALLO Oe Ic 


The shear reinforcement for the solid shear spans was designed to resist 
the applied shear associated with flexural failure using Chapter 11 of 
the ACI 318-71 Code with $= 1. Extra stirrups were placed beside 


the first holes in each shear span. 


The shear strength of the concrete section as calculated by Section 11.5 
of the ACI 318-71 Code was greater than the applied shear stresses so 
the maximum spacing (15 inches) and the minimum allowable area of shear 
reinforcement (0.08 oi) governed. Double-legged No. 2 stirrups were 


used spaced at 15 inches. 


Extra shear reinforcement designed to carry the total shear force was 
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placed beside the first hole in each shear span. This required a 
2 
stirrup area of 0.36 in and the two double-legged No. 3 stirrups 


used provided an area of 0.44 tee 


Design of the struts in the shear spans. Assuming: 


(i) Vierendeel truss action of the beam in the region of an 
opening. 


(id) Points of inflection are located at the center of the strut 
above and below an opening. 


(iii) The shear at the ultimate load is proportioned to the struts 
according to their respective shear areas (which includes the 
contribution of the flange to the shear area of the top strut). 

(iv) The axial force in the struts is equal to the bending moment 
at the centerline of an opening divided by the distance be- 
tween the centroid of the top strut and the centroid of the 
primary tension reinforcement. 

There are two openings in each shear span but the axial loads were 

higher above and below hole 2 so the reinforcement was designed for 

this hole and the same reinforcement was placed in the struts of 


both openings. For a section through a hole, the properties are 


given below. 
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, 24.5 
Sh Po GN ED & 
ear in the top strut, Vorop a4.5 + 30.0? Py 8.96 k. 
, e 30 _ 
Shear in the bottom strut, Cen ECVE BCT al er 10.94 k. 


Axial Worce an the top strut is = 93.79 k. 


The effective axial force in the bottom strut is the axial force in 
the top strut less the effective prestress force 
=a Jon oe kT 
ps pe 
38.97. k 


The maximum moments at the ends of the struts are: 


M = 8.96 x &%n/2 = 94.1 in-k 
u Top 
M = 10.94 x Mn/2 = 114.9 in-k 
u Btm 
Strut shear reinforcement design. For the top strut, strength 


calculations based on equation 11-7 of the ACI 318-71 Code includ- 
ing the effect of the axial load gave a maximum spacing of 9.28 
inches for double-legged No. 2 stirrups. The maximum allowable 
spacing of 0.75 h was 3.4 inches. Therefore, double-legged No. 2 


stirrups were used spaced at 3.0 inches. 


For the bottom strut, the strength calculations of equation 11-8 
of the ACI 318-71 Code, which also includes the effect of axial 
load, gave a spacing of 2.01 inches for double-legged No. 2 
stirrups. Therefore, double-legged No. 2 stirrups were used 


spaced at 1.8 inches. 


Design struts for axial load and moment. 


Top Diteattt 


Try six No. 3 bars as longitudinal reinforcement. 
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Draw the interaction diagram for axial load and moment. 


Locate the plastic centroid. 


0.85 f'c 


gee rast +> © 
4 : $1 
fe ae Op aaa a a 


Taking moments about eS » the plastic centroid was found to be 
1.53 inches below the top of the section and the maximum axial load 


the section could carry was found to be 268 kips. 


For balanced failure (compression on the bottom): 


E, 2 0.0030 
B, = 0.79 

e, = 0.00177 

£ = 51.4 ksi 

y 3 

H = 29.1% 10 ksi 


Strain Stress 


0.00177 Vern ee a 


Plastic 


Center 
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C.2 
0.85 f’c 
c = ae ee Se (OOS) Es 2a) algal 
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Then: 
— 0.003 a 
E. 7.20 me dbs. {0} 0.00136 
Therefore: 
C =o, 7/10 
Ss 


Acting 1.97 inches below the plastic center. 


The compressive force in the concrete was divided into two parts; 


Oe acting on the rectangular portion, and C2 acting on the 


chamfers. 
a = Bjc =e ee 
then: 
G = COC85 oc oie ex bak: oa = SOK 
cl @ 


Acting 2.10 inches below the plastic center. 


and: 


Coo = 2.45 k 


Acting 1.48 inches below the plastic center. 


The total tensile force provided by the four No. 3 bars is T. 
Lees Obed Xi Co ox fil = 27.62) k 


Acting 0.59 inches above the plastic center. 


Totaling the axial force and moments about the plastic center gives 


19.74 k 
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GOR 65 4n-k 


For the entire @ section in tension: 


TRS eeo xe Oe 0, xe 4 = 33592 Kk 
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AXIAL LOAD (kips) 


240 


160 


80 


-40 MOMENT (in-k) 


From the plotted interaction diagram, it was noted that the rein- 
forcement was not sufficient to carry the full design load of 19.9 


kips, however, six No. 3 bars were used. 


Bottom Strut 


Try four No. 3 bars as supplementary longitudinal reinforce- 
ment. 


Draw the interaction diagram for the top strut. 


Locate the plastic centroid. 


3.79" 3.757 


75" Plastic _ 


Center 


0-35 tc 


ap pil. 


(a-ni) THAMOM 


-ntex sf3 s8c7 bstonm 2sw 31 «mpigetb notdosts3nk battoig odd mort 
ees to beol ngiesb Jivt sda yixsa, 03 srroke tS tae ste Sat tnemeo%02 : 
.boeu stow atsd € .of xhe’ 4 , an 
aw atsd € ,of xhe ,tevewod eaqit 7 


~9s10igie: Isntbuttgnol (xe snoms igus 26 er eit ase es. : 


-4u3132 goJ 


— a 


CHP 4G 


Taking moments about Ce the plastic center was found to be 3.7/9 
inches below the top of the section. The maximum compressive axial 


load was 137 kips. 


for balanced failure (compression on the top) 


Strain Stress 
0.0030 0.85f'c 
| C, 
eo Sue 
a 
Fos 
T, 
| 
0.003 = ¥ 
c = 0.003 + 0.00177 x 6.5 = 4.09 inches 
then: 
; bs 0.003 e . 
€ 51 7.09 x 3.09 0.0023 ey 
therefore: 
G =) 441,51 


sl 


Acting 2.79 inches above the plastic center 


2 = re (EAN St = 137.04 5 
P ; 28.9 x 10 
= 0.00431 tension 
F = A +e + E = 49,82 k tension 
ps ps ps ps 


aw = 6.c = 3.23 inches 
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then: 
GS BHP 3 92 Oa, OFF x ROT OOeex” S274) Vert 57.74 “kips 
Acting 2.18 inches above the plastic center. 

and: 
Aan P2ORXP COUT Skt SLT4 4a V1; Skips 


Acting 2.71 inches below the plastic center. 


Totaling the axial force and moments about the plastic center gives: 


Ph 8.12 kips 
M = 174 in-kips 
For the complete section in tension at rupture of the strands 


ignoring strain hardening in the mild steel; 


S SLS0 L088 x7 52752625 9a x 0.01) =x? 5174 


= 
tt 


13259 ¢kips 


80 
MOMENT (in-k) 
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a RS Design Load 


k 
P 14.2 
P= 19.9% 
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From the plotted interaction diagram, it was noted that the strut 


flexural reinforcement was inadequate but four No. 3 bars were used. 


Check the anchorage of the strut flexural reinforcement. From 
Section 12.5(a) of the ACI 318-71 Code, the basic development 
length in tension for a No. 3 bar with di. = 0.375 in. A. = 0.11 
ine and = 51.4 ksi: 

0.04 ALEVE = 3.1 inches 
but not less than: 


0.0004 oe = 7.7 inches 


nor less than 12 inches. 


For deformed bars in compression Section 12.6 of the ACI 318-71 Code 


the development length is: 
0.2 £ d /V£ ° = 5.3 inches 
y b va 
but not less chan: 


0.0003 fd = 5.8 inches 
y b 


nor less than 12 inches. 


Therefore, the minimum post and strut length is 8 + 12 = 20 inches. 
The strut length (21 inches) is adequate but the 9 5/16 post 
length is less than required by the above calculation but from ex- 


perience the post length is adequate. 
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6. Design the post reinforcement. The maximum shear on the section 


is ue =1 10,90, Calculate the horizontal shear on post 1 (Vv): 


oN: 
Pd 5 02 d= 16 = 1.49 <= “14.51 in. 
h d, 
Sy = hole spacing 
= ¥41.57ek = 21° +°9 5/16 
= 30.31 inches 
then: 
__ 41257 2 f= von 
Ra OED TEN aia aera a aU eee a 


Design vertical and horizontal stirrups to carry this total hori- 


zontal shear. The required area of reinforcement is: 
aM 2 | ar obs utind 


Four double-legged stirrups were used both vertically and horizon- 


tally providing an area of 0.88 ve 


C.3 Notation 


a = depth of equivalent rectangular stress block 
ae = cross area of concrete section 

ae = area of prestressed reinforcement 

A, = area of mild steel reinforcement 

AY = area of shear reinforcement 

b = width of compression face 

bd. = web width 

C = distance from the extreme compression fiber to 


neutral axis 


C = total compressive force 
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distance from the extreme compression fiber to 
the centroid of the tension reinforcement 


distance from the centroid of the compression 
strut to the centroid of the tension reinforcement 


nominal diameter of a bar 

modulus of elasticity of concrete 

modulus of elasticity of steel 

compressive strength of concrete 

stress due to dead loads 

stress in the prestressing strand before release 


compressive stresses in concrete due to prestress 
only after losses 


calculated stress in the prestressing strand 
at the ultimate load 


ultimate strength of prestressing steel 


effective stress in prestressing steel after 
losses 


tensile splitting strength of concrete 
yield strength of mild steel reinforcement 
over all thickness of a member 


moment of inertia of gross concrete section 
about the centroidal axis 


hole length 

development length 
cracking moment 

ultimate flexural capacity 


design axial load normal to the cross-section 
occurring simultaneously with Me 


ultimate applied load per jack 


stirrup spacing 
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total tensile force 

shear carried by the concrete 

horizontal shear on a post at the ultimate load 
ultimate shear force at a section 

factor defined in section 10.2.7 of ACI 138-71 
strain in the concrete 

strain in the mild steel reinforcement 


yield strain for the mild steel reinforcement 
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